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1. Introduction

It is a renowned mathematical problem if one can hear the shape of a
drum, i.e. whether the spectrum of the Laplace operator on a domain in R?
with Dirichlet boundary conditions determines the shape of the domain
(see [23, 24, 29]). More generally, the mathematical area of spectral ge-
ometry is devoted to studying the connection between the geometry of a
Riemannian manifold (/,g) and spectral properties of certain geometric
operators on J (see [22] for a survey). In the present paper, we propose
a setting in which the objectives of spectral geometry can be extended to
Lorentzian signature. In a more analytic language, our setting makes ideas
and methods developed for elliptic differential operators applicable to hy-
perbolic operators. Moreover, we study the resulting “Lorentzian spectral
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geometry” in the simplest possible situations: for subsets of the Minkowski
plane and for Lorentzian surfaces.

In order to make the paper accessible to a broad readership, we now
introduce the problem for subsets of the Minkowski plane without assuming
a knowledge of differential geometry or Dirac spinors (Section 1.1). Then
we give a summary of the obtained results (Section 1.2) and outline our
generalizations to Lorentzian surfaces with curvature (Section 1.3). Finally,
Section 1.4 puts our constructions and results into a more general context.

1.1. The Minkowski drum

Recall that in the classical drum problem one studies the eigenvalue problem
for the Laplacian on a bounded domain © C R? with Dirichlet boundary
values,

“Ap=Xp nQ,  Glag=0.

The naive approach to translate this problem to the Lorentzian setting is to
replace the Laplacian by the scalar wave operator. Denoting the variables
in the plane by by (t,z) € R%, we obtain the boundary value problem

(1.1) (82— 3%)o(t,z) = Ao(t,x) Y (t,z) e QcCRY, Plog = 0.

This is not a good problem to study, as we now explain. As a consequence
of the minus sign, the wave operator can be factorized into a product of two
first order operators,

(1-2) (8152 - aﬂ%) = (at + 8$>(6t - 8$) .

This changes the analytic behavior of the solutions completely. Namely, in
the case of the scalar wave equation (07 — 02)¢ = 0, the factorization (1.2)
implies that the general solution can be written as

(1.3) ¢(t,x) = ot + x) + dr(t — x)

with arbitrary real-valued functions ¢y and ¢gr. Thus, thinking of = as a
spatial variable and ¢ as time, the solution can be decomposed into compo-
nents ¢; and ¢r which propagate to the left respectively right, both with
the characteristic speed one (which can be thought of as the speed of light,
which for convenience we set equal to one). As a consequence, a boundary
value problem makes no sense. Namely, for Dirichlet boundary conditions,
there is only the trivial solution ¢ = 0. Prescribing non-zero boundary values
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would give rise to consistency conditions for the boundary values, which can
only be satisfied for special boundary values. If the “eigenvalue” X in (1.1) is
non-zero, the structure of the equation becomes more complicated because
the components ¢, and ¢ are coupled to each other. But again, boundary
conditions give rise to consistency conditions, which cannot in general be
satisfied. Unless in very special cases, these consistency condition cannot be
met even for a countable set of values of A € C, making it impossible to
distinguish a discrete set of “eigenvalues” of the wave operator.

These mathematical problems reflect the fact that seeking for solutions
of boundary value problems for the scalar wave equation is not the correct
question to ask. Instead, one should pose the problem in the way it usually
arises in the applications, namely as an initial-value problem. Thus, instead
of imposing boundary values, we should prescribe initial values up to first
order (¢|y,0i¢|x) on a curve N and seek for solutions which satisfy the
initial conditions. In order to avoid consistency conditions for the initial
data, the curve N should be spacelike. Moreover, this curve should be chosen
in such a way that the initial conditions determine a unique global solution
in our “space-time”. Such a curve is referred to as a Cauchy surface, and
the existence of a Cauchy surface is subsumed in the notion that space-time
should be globally hyperbolic. We postpone the general definition of these
notions to Section 4, and now simply explain what these notions mean for
open subsets of the plane.

First of all, the Minkowski plane RY! is the plane R? endowed with the
inner product

g: RM xRV SR, g((t,2), (', 2")) =tt' —aa’.

If the minus sign in the last equation were replaced by a plus sign, the inner
product g would go over to the usual Euclidean scalar product on R?. This
minus sign accounts for the Lorentzian signature. The inner product g is
referred to as the Minkowski metric. As already mentioned above, we regard
the coordinates ¢ and x of Rb! as time and space, respectively. The speed
of light is set to one. A regular smooth curve ¢(s) in the Minkowski plane
parametrized by s € (a,b) C R with components (c(s)?, c(s)!) is said to be
causal if it describes a motion at most with the speed of light, i.e.

causal curve: ‘c’(s)o‘ > !c’(s)1| for all s e (a,b).
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Figure 1: A Minkowski drum.

The physical principle of causality states that information can be transmitted
only along causal curves. Similarly, the curve is said to be spacelike if its
speed is always faster than the speed of light,

spacelike curve: | (s)°] < | (s)!] for all s € (a,b).

Geometrically, for a spacelike curve the angle between the horizontal line
and the tangent to the curve is less than 45°. The causal structure can also
be expressed in terms of the Minkowski metric. Namely, the curve

H / /
c(s) is { causz?ul ?f 9(¢/(s),¢/(s)) 2 0 } for all s € (a,b).
spacelike if g(/(s),d(s)) <0
The domain of dependence D of a spacelike curve c is the set of all points
of Rb! such that every inextendible causal curve through the point inter-
sects c. It can also be characterized as the smallest rectangle enclosing ¢
whose sides have an angle of 45° to the horizontal line. More generally, we
refer to a rectangle whose sides have an angle of 45° as a causal diamond.
We consider a bounded open subset .# C RY! of the Minkowski plane.
The assumption of global hyperbolicity of # implies that there is a space-
like curve A such that its causal diamond D contains 4 (see Figure 1).
We refer to M as a Minkowski drum. It turns out that the curve N is a
Cauchy surface of . For the scalar wave equation, this can be verified by
constructing the solution of the Cauchy problem for initial data on N explic-
itly by determining the functions ¢, and ¢ in the general solution (1.3). If
the parameter A in (1.1) is present or if other linear geometric equations are
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considered, the unique solvability of the Cauchy problem follows for example
from the theory of linear symmetric hyperbolic systems [28, 40].

Clearly, the choice of the Cauchy surface is not unique, because any other
spacelike curve with the same endpoints is also a Cauchy surface (see the
other dashed lines in Figure 1). Since we are interested in the geometry of
space-time, our constructions should not depend on the choice of the Cauchy
surface N.

The basic question is which Hilbert space and which operator thereon
should be chosen as the basic objects of a Lorentzian spectral geometry.
An answer to this question is proposed in the recent paper [20], where the
so-called fermionic signature operator is introduced for space-times of finite
lifetime of general dimension. We here explain the idea and construction
in the simple setting of the Minkowski drum. A main ingredient is that,
instead of the scalar wave equation, we work with the Dirac equation. We
now explain how to get from the scalar wave equation to the Dirac equation
and why the Dirac equation is preferable for our purposes. The first step for
getting to the Dirac equation is to write separate equations for the left- and
right-moving components in (1.3),

0 O + 0z or .
(1.4) (&f—&c to ><¢R>_o.

Next, we replace ¢y, and ¢ by complex-valued functions 11,9 and com-
bine them to the so-called Dirac spinor ¢ = (¢1,,1%r) € C? (for the formu-
lation with vector bundles over a manifold see Section 1.3). Moreover, we
insert a parameter m € R, the so-called rest mass, on the diagonal. We thus
obtain the Dirac equation

(@—az im )zb(t,x)—().

Multiplying the differential operator from the left by the same differential
operator with im replaced by —im, we obtain

—m 825 + 8:1? m at + 833 2 2 2

. . = — Tee .

<6t — 0, —im > (&t — Oy m (6t 0y +m ) ©

This shows that every component of a solution of the Dirac equation is also
a solution of the wave equation in (1.1) with A = —m?2. Conversely, to a
solution ¢ of (1.1) we can associate a solution 1 of the Dirac equation by
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setting

o —m 8t+8x
o= (o5 ")e

We point out that this association is not one-to-one, because the map-
ping ¢ — 1) is in general not injective (as is obvious in the example ¢ = 1 in
the massless case). For this reason, we cannot identify the solutions of the
Dirac equation with the solutions of a scalar wave equation. In more general
terms, the above consideration merely motivates the Dirac equation, but
it cannot be regarded as some kind of “derivation” of the Dirac equation.
Indeed, the Dirac equation is a different type of equation which cannot be
derived mathematically from a scalar equation. This is clear from the fact
that the Dirac equation describes the particle spin, a physical effect which
is not taken into account by any scalar wave equation.

The Dirac equation gives rise to additional mathematical structures,
which will be crucial for our constructions. In preparation, it is useful to
write the Dirac equation as the eigenvalue equation for the Dirac operator D,

(1.5) DY =mip with D =78, + iv'a,,

where the Dirac matrices v° and ! are given by

o) ().

The Dirac matrices can also be characterized in a basis-independent way in
terms of the anti-commutation relations

Yl + iyt =247 1ce

where ¢ = diag(1, —1) is again the Minkowski metric. Next, it is useful
to introduce an inner product <.|.>= on the spinors such that the Dirac
matrices are symmetric with respect to it. Clearly, the Dirac matrices are not
symmetric with respect to the canonical scalar product on C2, because 7!
is anti-Hermitian. But they become symmetric if we introduce the inner
product <.|.> by

(17) <wlo-=wl (] o) e

We denote C? with this inner product by (V ~ C2?, <.|.=) and refer to it as
the spinor space. To any two solutions ¥, ¢ of the Dirac equation we can
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associate the vector field
Jk(t7 l’) = -<¢(t) .’L’) | ’Yk ¢(t7 IL')>- .

This vector field is divergence-free, as is verified by the following computa-
tion,

T = O < | Y= = <0 | Y= + <o | Y oRp -
= <V O |V + <8 |V Opb- = <(—im)d | ¥ + <¢ | (—im)p= = 0

(here it is essential that m is real). Integrating this divergence over a region (2
of M and applying the Gaufl divergence theorem, one concludes that the
flux of the vector field J through the boundary 02 vanishes (the Gauf
divergence theorem in Minkowski space is the same as in Euclidean space,
except that one must work with the normal with respect to the Minkowski
metric). Choosing 2 as the region between two Cauchy surfaces A, and Na,
one sees that the following integral is independent of the choice of the Cauchy
surface,

(18) (]¢) = 2 /ﬂ <o vy du

Here dyi_y the volume form of the induced Riemannian metric on A, and v is
the future-directed normal on A (see Figure 1). Moreover, a direct computa-
tion shows that the inner product <.|77.= v; is positive definite, so that (1.8)
defines a scalar product on the solutions of the Dirac equation. Forming the
completion of the smooth solutions, we obtain a Hilbert space (H,, (-|.)).
We remark that in physics, the vector field <1|y/1~ is called Dirac current,
and the fact that it is divergence-free is referred to as current conservation.
Thus the conservation of the Dirac current is essential for introducing the
Hilbert space H,, of solutions, independent of the choice of the Cauchy
surface N. We also remark that the function <t|y/¢>= v; has the physical
interpretation as the probability density for the Dirac particle described by
the wave function % to be at a certain position on the space-like hypersur-
face N. In this context, current conservation corresponds to the fact that
the probability of the particle to be anywhere in space must be preserved
in time. Therefore, current conservation is intimately connected with the
probabilistic interpretation of the wave function in quantum mechanics.
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In order to encode the global behavior of the solutions in space-time in
an operator, we introduce on H,, the inner product

(1.9) <plg> = /m«mw |

where du = dt dz is the Lebesgue measure. Using that 4 is a bounded set,
it follows that this inner product is bounded, i.e. there is a constant ¢ > 0
such that

(1.10) [<ylp>| <cldllfloll  forall 4,¢ eI

(for details see [20, Section 3]). Thus for any ¢ € H,,, the anti-linear form
<.|¢>: H,, — C is continuous. By the Fréchet-Riesz theorem (see for ex-
ample [31, Section 6.3]), there is a unique vector u € H,, such that

<lp> = (Y| u) for all ¢ € 3, .

The mapping ¢ — w is linear and bounded. We thus obtain a bounded linear
operator 8§ € L(H,,) such that

(1.11) <Plp>=(9[8¢) Vo, eHpm.

Moreover, taking the complex conjugate of (1.11) and exchanging ¢ and 1,
one sees that the operator 8 is symmetric. The operator § is referred to as
the fermionic signature operator.

With the fermionic signature operator § on the Hilbert space (H,y, (.|.)),
we have introduced the objects of our spectral geometry. We are interested
in the question if the geometry of (A, g) is encoded in the operator § and
how this geometric information can be retrieved.

1.2. Summary of results for the Minkowski drum

In short, our analysis reveals that the spectrum of the fermionic signature
operator encodes many geometric properties of . However, it does not
determine the geometry of 4 completely.

The massless case m = 0 is easier to analyze because, similar as ex-
plained in (1.3) for the scalar wave equation, the Dirac equation has a simple
explicit solution. For this reason, in Section 2 we begin with the massless
case. We first consider so-called simple domains for which the fermionic sig-
nature operator can be represented by an explicit finite-dimensional matrix



Lorentzian spectral geometry 759

(see Definition 2.1 and Lemma 2.2). We construct one-parameter families
of simple domains which are isospectral but not isometric, showing that the
spectrum of 8§ does not determine the geometry completely (Example 2.4).
Then we represent the fermionic signature operator for general Minkowski
drums as an integral operator and show that it is Hilbert-Schmidt (Propo-
sition 2.5). Moreover, the spectrum of the fermionic signature operator is
shown to be symmetric with respect to the origin (Proposition 2.7). We pro-
ceed by computing the trace of powers of 8. The trace of 82 encodes the
total volume of space-time (Proposition 2.10),

pt)

(1.12) tr (8%) = yo

The traces of higher powers give additional geometric information, as is
explained in the example of tr(8*) in Proposition 2.11. Then we explore the
connection between the spectrum of 8 and the lengths of curves. We prove
that length ¢ of any timelike curve is bounded from above by the largest
eigenvalue \ of 8§ by (Proposition 2.12)
/
> —.
T A4r
Moreover, it is shown that the length ¢ of any spacelike curve is bounded from
above by the trace over the positive spectral subspace of § (Proposition 2.13),

tr (X(o,oo) (8) S) > é .
Finally, it is shown that the geometry of 4 is completely determined if 8
is given as an integral operator acting on the initial data set of any Cauchy
hypersurface (Theorem 2.14).

In Section 3 we turn attention to the massive case. A general solution
of the Cauchy problem is constructed using the Green’s function which is
given in terms of Bessel functions (Lemma 3.1). Next, we analyze how the
regularity of the image of § depends on the smoothness of the boundary
(see Propositions 3.3 and 3.4). This also makes it possible to estimate the
asymptotics of the eigenvalues near the origin in terms of the total variation
of the boundary curve (Theorem 3.7). In Proposition 3.12 it is shown that
the spectrum of § is again symmetric with respect to the origin, but with a
different method than in the massless case. We proceed by computing the
trace of powers of the fermionic signature operator. The dependence on the
mass parameter gives additional geometric information, as is explained in
Proposition 3.13 for the trace of 8.
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1.3. Lorentzian surfaces in the massless case

In generalization of the Minkowski drum, in this paper we also consider
Lorentzian surfaces with curvature. The point of interest is to analyze how
the curvature of the surface affects the spectrum of the fermionic signa-
ture operator. For technical simplicity, we restrict attention to the massless
case. This case is mathematically appealing because we can make use of the
conformal invariance of the massless Dirac equation, making the tools of
conformal geometry available.

The structures introduced in Section 1.1 for the Minkowski drum all
generalize to the setting with curvature: We let (A, g) be a two-dimensional
globally hyperbolic Lorentzian manifold. Globally hyperbolic means that
there is a space-like curve N being a Cauchy surface (for the precise def-
inition of global hyperbolicity and a Cauchy surface see Section 4). The
Cauchy surface can be either compact or non-compact. In the first case, it
is diffeomorphic to a sphere, whereas in the latter case, it is diffeomorphic
to an open interval. For simplicity, we here restrict attention to the latter
case. We let S be the spinor bundle on /(. The fibers S, 4 are isomorphic
to C2. They are endowed with an inner product of signature (1,1), which
we denote by <.|.>-,. The smooth sections of the spinor bundle are denoted
by C°(A,SA). The Lorentzian metric induces a Levi-Civita connection
and a spin connection, which we both denote by V. Every vector of the tan-
gent space acts on the corresponding spinor space by Clifford multiplication.
We denote the corresponding map from the tangent space to the linear op-
erators on the spinor space by v : Ty M — L(S,/ ). Clifford multiplication
is related to the Lorentzian metric via the anti-commutation relations

Y(u)y(v) + () y(u) = 29(u,v) Lg, (q) -

We also write Clifford multiplication in components with the Dirac matri-
ces 7/ and use the short notation with the Feynman dagger, y(u) = u/ v = the
The connections, inner products and Clifford multiplication satisfy Leibniz
rules and compatibility conditions; we refer to [2, 30] for details. Combining
the spin connection with Clifford multiplication gives the geometric Dirac
operator D = i/ V. The massless Dirac equation reads

Dy =0.

We remark for clarity that in the case with curvature, the square of the
Dirac operator no longer coincides with the wave operator. Indeed, by the
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Schrédinger-Lichnerowicz-Weitzenbock formula D? = —vjvj + % these op-
erators differ by a multiple of scalar curvature R.

In the Cauchy problem, one seeks for a solution of the Dirac equation
with initial data v prescribed on a given Cauchy surface N. Thus in the
smooth setting,

Dp =0,  ply =1y € CF(N,SM).

This Cauchy problem has a unique solution ) € C*°(Al, SAL). This can be
seen either by considering energy estimates for symmetric hyperbolic sys-
tems (see for example [28]) or alternatively by constructing the Green’s ker-
nel (see for example [1]). These methods also show that the Dirac equation
is causal, meaning that the solution of the Cauchy problem only depends on
the initial data in the causal past or future. In particular, if ) 4 has compact
support, the solution ¥ will also have compact support on any other Cauchy
hypersurface. This leads us to consider solutions v in the class CS (M, S )
of smooth sections with spatially compact support. On solutions in this class,
one again introduces the scalar product (1.8), where ¥ denotes Clifford mul-
tiplication by the future-directed normal v (we always adopt the convention
that the inner product <.|¢.>, is positive definite). Using current conserva-
tion V;=<¢|p> = 0, the scalar product (1.8) is independent of the choice of
the Cauchy surface (similar as explained in Section 1.1 for the Minkowski
drum). Now the fermionic signature operator 8 is defined exactly as for the
Minkowski drum by expressing the space-time inner product (1.9) in terms
of the scalar product in the form (1.11).

For globally hyperbolic Lorentzian surfaces of finite lifetime and finite
volume having a non-compact Cauchy surface, we show that the fermionic
signature operator encodes the volume and the curvature in the following
way. First, the Hilbert-Schmidt norm of 8 again encodes the volume (1.12),
where p now is the volume measure corresponding to the Lorentzian metric.
The formula for tr(8*) involves integrals of curvature:

4 7i « 1 !
o (8) = g3 /J% du(¢) /J(oe p <4 /D(C’C)Rdu> du(¢’)

where J({) denotes all space-time points which can be connected to ¢ by
a causal curve. Moreover, D((,(’) is the causal diamond of the space-time
points ¢ and (', i.e.

(1.13) D(C,¢") = (JY(QO) N J™)) U (T () nI™Q)
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where JV(¢) and J*(¢) denotes the points which can be connected to ¢ via
a future- and past-directed causal curve, respectively.

Finally, we show that the geometry of 4 can be reconstructed if § is
given as an integral operator acting on the initial data set of any Cauchy
hypersurface (Theorem 4.11).

1.4. Outlook: the chiral index and causal fermion systems

We now put the ideas and constructions given in this paper into a more
general context, also indicating possible directions of future research.

We first point out that for simplicity, we here restrict attention to two-
dimensional space-times and mainly the massless Dirac equation. But most
constructions could be generalized to globally hyperbolic Lorentzian mani-
folds of arbitrary dimension. The continuity of the space-time inner prod-
uct (1.10) can be subsumed in the notion that the space-time should be
m-finite, which means qualitatively that the space-time must have finite
lifetime (for details see [20, Section 3.2]). However, many interesting space-
times like asymptotically flat Lorentzian manifolds or Lorentzian manifolds
with asymptotic ends have infinite life-time, implying that the continuity
condition (1.10) fails. In such space-times, one must use a different con-
struction which relies on the so-called mass oscillation property introduced
n [21]. In all these situations, the connection between the spectrum of the
fermionic signature operator and the geometry of the Lorentzian manifold
is largely unknown, leaving many interesting mathematical questions open.

We next remark that it is possible to associate an index to the fermionic
signature operator, which takes integer values. In [14] simple examples of
space-times with a non-trivial index are constructed, and the stability of
the index under homotopies is studied. But it is unknown if and how this
index is related to the geometry or the topology of the space-time. In order to
introduce this index, one needs as an additional structure a chiral grading
operator I' which acts on the spinor spaces and has for all u € T,/ the
properties

(1.14) T*=-T, T?=1, Tru)=-—wl, VI[=0,

where v is Clifford multiplication and the star denotes the adjoint with
respect to the inner product <.|.>-,. More generally, the operator I is defined
in any even space-time dimension by Clifford multiplication with the volume
form. In physics, I' is called “pseudoscalar operator” and is usually denoted
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by 7°. The grading operator gives rise to the two idempotent operators

1

XL:f(]l—I‘) and XR =

5 (1+7T),

N | —

referred to as the chiral projections (on the left respectively right handed
component of the spinors). The chiral signature operators 8y and Sg are
defined by inserting the chiral projections into (1.11),

<o|IxyrY>=(¢|SyrY) -

The first relation in (1.14) implies that 8} = 8z. We thus define the chiral
index as the Noether index of 8; (sometimes called Fredholm index; for
basics see for example [31, §27.1]),

ind 8 := dim ker 87, — dim coker 8,
= dimker 8; — dimkerSp .

The fermionic signature operator is a technical tool in the fermionic
projector approach to quantum field theory and is also used for constructing
examples of causal fermion systems. We now outline these connections. The
fermionic projector P is obtained by composing the causal fundamental
solution k,, with the projection operator on the negative spectral subspace
of 8,

(115) P = ~X(—00,0) (8) K, .

This distribution implements the physical concept of the “Dirac sea”. Next,
particles and anti-particles are introduced to the system by adding to (1.15)
additional occupied states or by creating “holes”. We refer the interested
reader to the constructions in [20, Section 3] and the survey article [13].

It is a general idea behind the fermionic projector approach that the
geometry of space-time as well as all the objects therein should be described
purely in terms of the physical wave functions of the system. This idea is
made mathematically precise in the notion of a causal fermion system as
introduced in [17]. In order to get into this framework, one chooses H,..tic1
as a subspace of the solution space of the Dirac operator. A typical exam-
ple is to choose Hariicle = X(—o00,0) (8) as the image of the fermionic projec-
tor (1.15). By introducing an ultraviolet regularization, one arranges that
the functions in 3, are continuous (for details see [20, Section]). Then
for any space-time point z, one can introduce the so-called local correlation



764 F. Finster and O. Miiller

operator F(z) € L(H,auae) via the relations

(W[ F(z) ¢) = —<¢(@)|p(x)-:  forall ¥,¢ € Hyuae -

Denoting the signature of the spin scalar product by (n,n), the local corre-
lation operator is a symmetric operator in L(JH,,.;q.) of rank at most 2n,
which has at most n positive and at most n negative eigenvalues. Finally,
we introduce the universal measure dp = F, du as the push-forward of the
volume measure on . under the mapping F (thus p(Q) := u((F)~1(Q))).
Omitting the subscript “particle”, we thus obtain a causal fermion system
as defined in [17, Section 1.2]:

Definition 1.1. Given a complex Hilbert space (X, (.|.)5) and a param-
eter n € N (the “spin dimension”), we let F C L(H) be the set of all
self-adjoint operators on H of finite rank, which (counting with multiplici-
ties) have at most n positive and at most n negative eigenvalues. On F we
are given a positive measure p (defined on a o-algebra of subsets of &), the
so-called universal measure. We refer to (3,7, p) as a causal fermion
system.

Causal fermion systems provide a general mathematical framework in
which there are many inherent analytic, geometric and topological struc-
tures. This concept makes it possible to generalize notions of differential
geometry to the non-smooth setting. From the physical point of view, it is
a proposal for quantum geometry and an approach to quantum gravity. We
refer the interested mathematical reader to the research papers [16, 18] or
the textbooks [15, 19]. In the setting of causal fermion systems, the physical
equations are formulated in terms of the causal action principle (see [12]
or [15, Section 1.1]).

In the setting of causal fermion systems, the fermionic signature operator
is simply defined by the integral

S:—/(fxdp(x)

(this operator can be viewed as the restriction of the fermionic signature
operator defined by (1.11) to H,..uae; for details see [14, Section 4]). In
this context, the objectives of our “Lorentzian spectral geometry” generalize
to the question of how the spectrum of § is related to the objects of the
Lorentzian quantum geometry as introduced in [16].
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D

Figure 2: Choosing the Cauchy surface at ¢t = 0.

2. The massless case
2.1. Simple domains

Let . c R be an open, bounded, globally hyperbolic subset of the
Minkowski plane R™! (see the left of Figure 2, where also one Cauchy sur-
face N is shown). The maximal solution for initial values on a Cauchy sur-
face N is defined on a causal diamond D in the Minkowski plane. The
following constructions will depend only on the space of solutions in this
causal diamond, but the choice of the Cauchy surface will be irrelevant. In
particular, the Cauchy surface does not necessarily need to lie entirely in /(.
With this in mind, we simply choose A as the straight line joining the left
and right corners of the causal diamond. Moreover, by a Poincaré transfor-
mation we can arrange that the left corner is the origin, whereas the right
corner has the coordinates (0,b) with a parameter b > 0. Then the scalar
product (1.8) simplifies to

b
(2.1) (016) = 27 [ <0(0.2) 17°6(0,2)- da

b
— o / ($(0,2), 6(0, 2))c» de

(where in the last step we used (1.7)).
For simplicity, we begin the analysis in the massless case. Then the Dirac
equation (1.4) has the general solution

(22) viea) = (41 0)
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M RUL

Figure 3: A simple domain.

with complex-valued functions 17, and g. In view of (2.1), the left- and
right-moving components are orthogonal. The following assumption makes
it possible to analyze 8 explicitly.

Definition 2.1. . is a simple domain if there are finitely many points
O=axp<1 <---<zTrg=0

such that the boundary of 4 is contained in the lightlike curves through
these points,

oM C {zo,...,xx} +R(1,1) +R(1,-1).

The name “simple domain” is motivated by simple functions in measure
theory which take only a finite number of values. Figure 3 shows an example.

We now introduce a basis of Hy in which the operator § will turn out to
have a particularly simple form. To this end, for ¢ € {L, R}, k € {1,..., K}
and n € Z we define functions which are plane waves on the subintervals,

(23) w(’jﬂ,n(w) = X Tk—1,Tk (l‘) ek TRt
21 (2 — Tp—1) ( ]

(where x denotes the characteristic function). As in (2.2) we regard the
functions @ZJ%" and wi’" as spinors in the first and second component, re-
spectively. Solving the Cauchy problem, we obtain the corresponding Dirac

solutions i
Lyn (t+z) d 0
( 0 ) o et —x))

which with a slight abuse of notation we again denote by w(]f e Hoy (note
that these are solutions only in the weak sense, as they are not continuous).
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A short computation shows that these vectors are orthonormal,

(WET ") = e 65K 57

Using that the plane waves ezkle—l " form a Fourier basis of L2((z_1, zx]),
one also sees that the vectors (@b? ™) form a basis of Hy. Hence (wf ™ s
an orthonormal basis of Hy. Moreover, a short computation shows that
the space-time inner product <¢§’" wf,/’"/> vanishes if n or n’ are non-
zero (because one integrates over a full period of a plane wave) or if ¢ =
¢ (because the inner product (1.7) involves an off-diagonal matrix). The
remaining inner products are computed by

k, In Iln' k,
<Y > = <t R >
56 0

_ _ 05 og
2 \/(l’k — xk_l)(xl — a:l_l)

_27T\@ a

WA (AF)

where 1 is the Lebesgue measure on R and
A = ((@ren, o] +RLD)) 0 (@1, @] + R (1,-1)) Nt
(see Figure 3). We thus obtain the following result:

Lemma 2.2. On a simple domain Al and for zero mass, the fermionic sig-
nature operator 8 has finite rank. More precisely, choosing the orthonormal
basis (2.3),

(E™) with ce {L,R}, ke {l,....,K}, n€Z,

it has rank at most 2K . It vanishes on all the vectors @bf’n with n # 0. On
the subspace spanned by the basis vectors 1/)}1’0, ey K’O, 1#}%’0, e ,@Z)g’o, it has
the block matrix representation

g 1 (o T*)
o2 \I' 0 )"~
where T is the matriz with components

(2.4) T =\ /u(ah) .

From this matrix representation one can read off a few general properties
of the spectrum of the fermionic signature operator:
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Corollary 2.3. On a simple domain M and for zero mass, the following
statements hold.

(i) The spectrum of 8 is symmetric with respect to the origin and
o(8) =o(VT*T)U—o(VT*T) .

For an eigenvector u of VT*T corresponding to the non-zero eigen-
value X\, the eigenvectors of 8 corresponding to the eigenvalues +A

have the form
AU
Y= (:l:Tu) '

(ii) The eigenvector corresponding to the largest eigenvalue of 8 is non-
degenerate. Its components can be chosen to be non-negative.
p(A)

472

(ili) Tr (8?) =

Proof. Follows from a direct computation. Part (ii) is a consequence of the
Perron-Frobenius theorem for matrices with positive entries (see [39, Chap-
ter 5]). O

The spectrum of 8§ does not determine the geometry completely, as the
following example shows.

Example 2.4. (Isospectral simple domains) Consider the matrices

a Vab 0 ) d de /df
T=10 b Ve and T=1[0 e +efl,
0 O c 0 O f
where a, ..., f are strictly positive parameters. The form of the off-diagonal

matrix elements ensures that these matrices can be realized in the form (2.4)
by simple domains. More precisely, in order to realize the matrix 7', one
chooses K = 3 and

$1—:L‘0=\/§Cl, :E2—:L‘1:\/§b, l‘3—l’2:\/§c.

The simple domain is then chosen as all the squares in the future, except
for the square on top (see the Figure 4 on the left). The matrix T is realized
similarly by a simple domain with K = 3, but this time without removing
the square on top (see Figure 4 on the right). Obviously, the resulting simple
domains are not isometric. We want to show that for suitable values of the
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M.

Figure 4: Simple domains corresponding to the matrices T (left) and T
(right).

Ty T2

parameters, the matrices T*T and T*T are isospectral. In view of Corol-
lary 2.3, this implies that the fermionic signature operators corresponding
to the two simple domains are isospectral.

We choose the parameters d =e =1 and f = 4§ with a small parame-
ter § > 0, so that

As a necessary condition for 77" and T*T to be isospectral, the matrices T
and T must have the same determinant (note that these determinants are
obviously positive). We satisfy this condition by choosing

Computing and comparing the characteristic polynomials of 7*T and T*T,
one sees that it remains to satisfy the conditions

2 82 62

212 2

(2.5) —L+a®? =6+ ad +b0 = 30° + S+ 45+ =0
1) 52

(26) 3-@2—ab—b2+25—5+52—m=0.

Multiplying the second equation by a? and adding the first equation, we
obtain a quadratic equation for b of positive discriminant. Choosing the ex-
plicit solution which for § =0 and a =1 gives b =1 (so that we get back
the matrix T'), and substituting this solution into (2.5), we obtain one equa-
tion for the remaining unknown a. Expanding this equation around § = 0
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and a = 1, we obtain the condition
56 —8(a—1)>+0(0*) +0(6(a—1)) +0((a—1)*) =0.

Thus for sufficiently small 6 > 0 there are solutions a of the form

azli\/%—k(‘)((ﬂ.

We thus obtain a one-parameter family of isospectral pairs of matrices T*7T
and T*T.

2.2. Representation of 8 as an integral operator
Let 4 C RY! be a bounded, globally hyperbolic subset of the Minkowski
plane. As explained at the beginning of Section 2.1, we again choose the

Cauchy surface (0,b) at time t = 0.

Proposition 2.5. The fermionic signature operator can be represented as
an integral operator

b
(27) S0)) = [ 8. v(w)dy
0
with a bounded integral kernel,
(2.8) 8(.,.) € L=((0,b) x (0,b),L(V)) .

Proof. The Cauchy problem with initial data at ¢ = 0 has the explicit solu-
tion

(29) vt = (SO0 D)

Using this representation in (1.9), multiplying out and estimating each term
gives

<wio>] < [ (om0 =0 I650.2+1)

+ 10n(0, 2 + )| |60,z — t)||> dt dz .
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Estimating the integral by the integral over the whole causal diamond, we
obtain

[ 1n(0.2 = )1 o 0.2+ 0] drda
< [ 1oa0.z = 0] Jor(0. + 0] drda
D

=5 ([ wrnar) ([ 160000

We conclude that for all ¥, ¢ € H,

<vio>|< ([ " 10, ) ) (| 60,27 @),

This means that the bilinear form <.|.> can be estimated in terms of the
L'-norm of both arguments on the Cauchy surface ¢ = 0. In other words,

<.|.> € L'((0,b) x (0,b),dz dy)" .

Since the dual space of L!(dz dy) is the Banach space of L®-functions acting
by weak evaluation, we conclude that there is a kernel 8(.,.) € L>((0,b) x
(0,b), dz dy) such that

b b
<y|¢> = 2 /O /0 ((2), 8(x,9)d(y)) > dardy

Comparing with (1.11) and (2.1) gives the result. O

We remark that the estimates used in the proof of this proposition will be
generalized and refined in Section 3.2.

The fact that the kernel is pointwise bounded (2.8) and the domain (0, b)
has finite volume implies that the trace of any even power of 8 is finite and
can be computed with the standard formula:

Corollary 2.6. The fermionic signature operator 8 is Hilbert-Schmidt.
Moreover, the traces of even powers of 824, q € N, are given by the inte-
grals

b b
(2.10) tr(8%7) = /0 dxy - ./0 dwoq Tr (8(w1, 22) - - 8(x2g, 1))

where tr denotes the trace of an operator on the Hilbert space, and Tr is the
trace of a (2 x 2)-matriz.
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Proof. According to (2.8), we know that ||S(z,y)|| < C for almost all z,y €

(0,b) (where || - || denotes the Hilbert-Schmidt norm of a (2 x 2)-matrix).
Hence

b b )
(2.11) / da:/ dy HS(:c,y)H < C*p*.

0 0

We now choose on Hg = L2((0,b), C?) the orthonormal basis (17) with n €
Z, c € {L, R} given by plane waves

1 2mi o (1 (0
5 e b where ¢ = <O) , YRp= <1> .

Then Parseval’s identity for double Fourier series shows that the series

1
aE 2 2 s

c,c'e{L,R} n,n' €L

Ve =

coincides with the integral in (2.11). We conclude that the operator 8§ is
Hilbert-Schmidt. Moreover, the trace of 82 can be computed by (2.10) spe-
cialized to the case ¢ = 1.

By iterating (2.7) and using Fubini’s theorem, one obtains an integral
representation of the operator 8¢ again with a pointwise bounded kernel. Re-
peating the above argument with 8 replaced by the operator 8¢, we conclude
that also the operator 87 is Hilbert-Schmidt, and that its Hilbert-Schmidt
norm can be computed by (2.10). This concludes the proof. ]

This corollary shows in particular that the operator § is compact. Thus §
has a pure point spectrum and finite-dimensional eigenspaces. Moreover, the
eigenvalues can accumulate only at the origin.

2.3. Symmetry of the spectrum

In Corollary 2.3 (i) we saw that for a simple domain, the spectrum is sym-
metric with respect to the origin. The next proposition shows why this is
true even for general domains.

Proposition 2.7. The spectrum of 8 is symmetric with respect to the ori-
gin.
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Proof. The matrix

(2.12) I:= <_01 ?)

obviously anti-commutes with the Dirac matrices (1.6) and the Dirac op-
erator (1.5), i.e. I'D = —DI'. Hence if 1 is a solution the massless Dirac
equation, the same is true for I'i. In other words, I' maps the solution space
of the Dirac equation to itself,

I': Hog— Hy.

Using (1.7), one sees that I is anti-symmetric with respect to the spin scalar
product <¢|T'¢= = —<I'1|p>. Moreover, using (1.8) and (1.9), we find that
for all ¥, ¢ € Hy,

(2.13) <o|Tg> = / <P[Tds du()
M
- /wa’d)” dp(z) = —<T|p>
(2.14)  (Y|I'9p) =2« /JV-<1/J|¢F¢>95 dpy(x) = —2m /N-<1/J\I’¢¢>x dpy ()
—2n [ <Culpor du(z) = (TV1)
N

In view of (1.11), the eigenvalue equation 81 = A¢) can be written as

<olp>=\(gly) forall ¢eHo.

Using the symmetries (2.13) and (2.14), one sees that if ¢ is an eigenvector
corresponding to the eigenvalue A, then 'y is an eigenvector corresponding
to the eigenvalue —A\. (|

2.4. Computation of tr(829), recovering the volume

Proposition 2.5 also implies that the operators 8P are trace class for any p €
N. The symmetry of the spectrum shown Proposition 2.7 implies that the
trace of an odd power of 8§ vanishes. We now want to compute the trace
of even powers of 8. For computational purposes, it is most convenient to
work with the causal fundamental solution in light cone coordinates. In
order to keep the setting as simple as possible, we here introduce the causal
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fundamental solution kg simply as a device for expressing the solution of the
Cauchy problem.

Lemma 2.8. The solution ¥ of the Cauchy problem

DY =0,  lmo =10 e C°(0,b))

has the representation

b

(215) wltz) =2 [ hlt,z )2 doly) dy.
0

where k(t,x) is the distribution

(0 +91) 6(t +2) + — (10 — A1) (¢ — ).

(2.16) k() = — -

4
Proof. A direct computation using (1.6) shows that (2.15) indeed agrees
with (2.9). O

The distribution k(¢,z) is referred to as the causal fundamental solution.
At first sight, the method of this lemma seems unnecessarily complicated,
because (2.9) is much simpler than (2.15). The advantage of (2.15) is that
this formula generalizes to the massive case (see Section 3.1) and even to
globally hyperbolic space-times in arbitrary dimension (see for example [20,
Lemma 2.1]).

The integral in (2.15) can be regarded as a time evolution operator which
maps the solution at some initial time ¢ = 0 to the solution at a final time ¢.
Clearly, if one first takes the time evolution from time tg to ¢; and then the
time evolution from t; to t9, one gets the same as if one takes the time evo-
lution directly from tg to to. This fact is often referred to as a group property
of the time evolution, where the group operation is the multiplication of the
time evolution operators and the inverse of the time evolution from ¢y to t;
is the time evolution from t¢; to tg. This group property is reflected in a
property of the causal fundamental solution. Namely, denoting a space-time
point for simplicity by ¢ = (¢, z), we have for any ¢,( € M,

b
(217) k(¢ —C)=2n / B0, ¢! — o)y 0 k(—8, 2 — &) da

(this relation can also be verified by direct computation using (2.16)). More-
over, one sees directly from (2.16) that the kernel k(t, z) is symmetric in the
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sense that
(2.18) E(t,x)* = k(—t,—x)

(where the star denotes the adjoint with respect to the inner product <.|.>-,).
We next express the integral kernel of 8 in terms of the causal funda-
mental solution.

Lemma 2.9. The kernel 8(x,y) of the fermionic signature operator in (2.7)
can be written as

S(z,y) = 271'/ E(—t,x —2)k(t,z —y)y° dtdz.
S
Proof. Using (2.15) in (1.9) and applying (2.18), we obtain
<y[o>
b b
= 47r2/ dt dz/ d:r:/ dy <k(t,z—x) " (0, ) | k(t,z—y)7° ¢(0,) >
M 0 0
b b
= 47r2/ dt dz/ diL‘/ dy <(0,2) | P k(—t, x—2) k(t, z—y) 72 (0, y)~ .
M 0 0

On the other hand, we know from (1.11) and (2.7) that

b
<vlo>= (0] [ s o)
Comparing these formulas gives the result. O
The light-cone coordinates (u,v) are defined by
(2.19) u=t+x and v=t—x.

Then dudv = 2dt dx and

U+ v uU—v
t: 5 €xr =
2 2
1 1
811: i(at+8x) ) 8\; — 5(875—895)

(to improve the readability we denote the indices u and v in roman style).
Setting

(2.20) Pr=4"++'  and 4 =4"-7!,
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we obtain the anti-commutation relations

(2.21) (7“)2 =0= (fyv)2 , {4} =4.

The Dirac operator (1.5) and the causal fundamental solution (2.16) become
(2.22) D =iy"0u + 17 0y

(2.23) i, v) = ﬁ (7" 8(u) +7" 6(0))

Combining Lemma 2.9 with the integral representation of Proposition 2.5,
we can compute powers of the operator 8. For example,

2 _ b
(8%)(x,y) 8(x,2)8(2,y) dz
’ b
42 2 27 1.0 0 . 41 0 1 0
—47r/0dz/de/J%de( ~(,x ~C)/<:~(C:C z)'y
Xk(igovzigl)k(coacliy)/yo'

Now we can carry out the z-integral using the group property (2.17). This
gives

() =2m [ ¢ [ BE(= = )R- REE - 9) 7.
M M
Iterating this method, we obtain
sP — 200, 2
( )(:B,y) 27r/de1 /J%de
X k(=Ca—G) k(G —C) - k(Gp1— ) k(.6 —v) 1

Taking the trace with the help of Corollary 2.6, one can again apply (3.2)
to obtain

(2.24) tr (8%) = /M d*¢ - /J% d*(aq
x Tr <k(C1 —G2) -+ k(Cag—1 — Cag) F(Coq — Cl)) :

This formula is generally covariant, showing in particular that the trace
of 8?7 is indeed independent of the choice of the Cauchy surface.
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The above formulas can be simplified considerably using the form of
the causal fundamental solution in light-cone coordinates (2.23) and (2.21).
Namely,

ko(C1— ) - ko (Gt — &) ko (G — 1)

1
= (47T)p'yu d(uy —u2)yY d(vg —v3) -
+ (47r)p’}/v 5(1}1 - 1}2) 'yu 5(U3 — U3) R

Taking the trace and again using (2.21), we get zero if p is odd. If p is even,
we obtain

(2.25) Tr (ko (¢ —=¢C2) - ko(Gp1— ) k(G — Cl))

- (2717)p 0(u1 — ug) 6(va —v3) -+ 6(up—1 — up) 6(vp — v1)
+ (271r)p d(v1 —v2) 0(ug — u3) --~5(vp_1 — yp) (5(up —uy) .

Setting p = 2, we see that the result of Corollary 2.3 (iii) also holds for
general domains:

Proposition 2.10. Let Al be a bounded, globally hyperbolic subset of
Minkowski space. Then the trace of 8? encodes the space-time volume,

tr (82) _ p(A) '

472

Proof. Using (2.25) in (2.24) in the case p = 2, we obtain

tr (82) = /J% d2C1 /J% dQCQ (23[_)2 5(U1 — 'LLQ) 5(’[)1 — 1)2)
_ 1 _ p)
-~ (2m)? /J% 6 /J% F6 56 -6 = 42

giving the result. 0

For general ¢, one can compute the trace of §2¢ with the following
method. First, by renaming the variables one sees that the two summands
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2

Figure 5: The geometric constraints given by ©((i,...,{,) for ¢ =2 (left)
and ¢ = 3 (right).

n (2.25) give the same contribution to the trace. Thus

(2.26) tr (821) = o 2q/ dQCl/ d*ny - / dqu/ d*nq

X O(up — 1) 0(01 — ) -+ - 0(ug — Uq) 6(0g — 1),

where the points 7); have the coordinates (@, 7;). Carrying out the integrals

over n1,...,1y, We obtain
2 2
() = o g [ PG [ BGOGG).
where the function ©((i, ..., {,), which takes the values zero and one, gives
geometric constraints for the position of the points (i, ..., (;. More precisely,
introducing the points
0 0 1 0 0
m = <C17C21) , M2 = (CQ)C?)) I 77q—1 = (Cq—lqul) ’ 77q = (quc%) )

the function © is defined by

1 ifT]l,...,’l’]qEL/%
0 otherwise.

@(Clw--7<q):{

The geometric constraints are illustrated in Figure 5. Via these constraints,
the trace of 8? depends on the geometry of the boundary curves of . While
these constraints are rather complicated in general, in the case ¢ = 2 they
can be easily understood giving the following result.

Proposition 2.11. Denoting by J(C) the set of all points which can be
joined from C by a causal curve,

1

2.27) (s') = g [ a0 (0) .
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Proof. For fixed (1, the region where ©((1,(2) = 1 coincides with J({1) (see
the left of Figure 5). This gives (2.27). O

2.5. Length of causal curves and the largest eigenvalue

We now turn attention to the length of causal curves. The length ¢(«) of a
causal curve «a : (0,1) — A is defined by

1
(2.28) o) = /0 V(@()0)? = ((r))?ar.

Proposition 2.12. Let a be a causal curve. Then the length of this curve
(as defined by (2.28)) is bounded in terms of the largest eigenvalue X of 8 by

l
2.2 A> — .
(2.29) 47
This inequality is sharp if M is a causal diamond. Conversely, if equality
holds in (2.29) and A is connected, then M is a causal diamond.

Proof. Let a be a timelike curve with end points ¢ and ¢’. We let D be
the causal diamond whose upper and lower corners are ¢ and (’, and again
denote the left and right corners by n and n’. We may replace o by the
straight line joining ¢ and (’, because this increases the length of a. By a
Lorentz transformation we can arrange that n = 0 and ' = (0, ¢) with £ > 0.
We choose on D the orthonormal functions

1 1 1 0
Vi = 27l <0>’ YR = 27l (1>

1 /
A= |(rl8ur)| = |<vrlvr>| = W/Ddtdx - % —

T A7’

Then

giving the result.

If A is a causal diamond, the inequality (2.29) is sharp according to
Lemma 2.2 in case K = 1. In order to prove the converse statement, assume
that  is connected and that equality holds in (2.29). Then A = |(¢|8YR)|,
and the Rayleigh-Ritz principle implies that the wave functions 7, + ¥R are
eigenvectors of 8§ with eigenvalues +\. Next, we choose a Cauchy surface N
which goes through the left and right corner of the above causal diamond D.
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Then any wave function v on AN which is supported outside D N A is obvi-
ously orthogonal to ¥y and ¥ g. Using that the vectors ¢, + ¢ are eigen-
vectors, it follows that

0= (Y[8Yr) = <YlYyr> .

Choosing ¢ as a piecewise constant function, one sees that the causal fu-
ture and past of A \ D does not intersect the causal future and past of D.
Since A is connected, we conclude that 4 \ D is empty. This gives the
result. O

2.6. Length of spacelike curves and tr(8)

We now come to the analysis of the length of spacelike curves. The length ¢(«)
of a spacelike curve a: (0,1) — A is defined by

o) = /01 \/(0/(7)1)2 - (a/(r)O)sz.

We first note that for globally hyperbolic subsets of Minkowski space, the
supremum of the length of spacelike curves is always larger or equal to the
supremum of the lengths of causal curves,

(2.30) sup f(a) < sup l(a).

« causal « spacelike

Namely, if «v is a causal curve with end points ¢ and (’, then the correspond-
ing causal diamond D((,¢’) is contained in the space-time (. But then the
straight line joining the left and right corners of the causal diamond is a
spacelike curve whose length is at least as large as that of o. An example for
a space-time where the maximal length of spacelike curves is much larger
than the length of causal curves is shown on the left of Figure 2.

The inequality (2.30) suggests that for estimating the length of spacelike
curves, it is not sufficient to consider a single eigenvalue. Instead, one should
form a suitable sum of eigenvalues. More precisely, we must consider the
trace of the operator 8. defined as the positive spectral part of S,

84 = X(o,oo)(S) S.
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N 0000

Figure 6: Approximating a spacelike curve by lightlike rectangles.

Proposition 2.13. Let « : [0,1] — A be a spacelike curve. Then the length
of the curve is bounded from above by the trace of 84,

(2.31) tr(84) > -

()

T
Proof. By a Poincaré transformation we can arrange that the two end points
of the curve « lie on the z-axis. We approximate a by rectangles with light-
like sides (see Figure 6). By choosing the rectangles sufficiently small (and
possibly leaving out small parts at the beginning or end of the curve), we can
arrange that the rectangles all lie in (. Next, we choose a simple domain
such that the rectangles are all part of the rectangles of the simple domain.
Thus we can label the rectangles which approximate the curve by

k k
Alll,...,Al;VV .
The fact that the curve is spacelike implies that the indices k; are all differ-

ent, and the indices [; are also all different. Choosing again the orthonormal
basis (2.3), this implies that the vectors

k1,0 kn,0 11,0 In,0
(SR i and [T U

are orthonormal. Moreover,

N N
k-0, 1.0 1 k. E(Oé)
2.32 YR > = —— A7) = ——
(2.32) ;1 VR vL 27”/5;1 VAA) =

where the last convergence refers to the limit where the size of the rectangles
tends to zero (note that area of a lightlike rectangle is half the square of the
Minkowski length of its diagonals).

It remains to show that the trace of 84 bounds the left side of (2.32).
Similar as shown in Lemma 2.2 for simple domains, in the massless case the
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fermionic signature operator is block off-diagonal,

(0 8g
s_(SL 0).

Exactly as in Corollary 2.3, one concludes that

(2.33) tr(84) = tr (, /s;gsL) .

We denote the eigenvalues of 87 87, (counting with multiplicities) by v, with
the ordering

V>V >3

Let (1) be a corresponding orthonormalized eigenvector basis. The com-
putation

(Sptbn | 8LYw) = (Yn | 818 LYn) = vn On,n/

shows that the 1, are mapped to orthogonal vectors. Choosing ¢, as or-
thonormal vectors which are collinear to 8y, we conclude that

(2'34) Vp = (wn ’ SESL@Z}n) = (8L¢n | SLd}n) = ’(¢n|8L¢n)}2

Taking the square root and using (2.33), we obtain

n=1

Now we can apply the min-max principle in the following way (for basics
see [36, Section XIII.1]). The first n eigenvalues can be computed by noting
that the orthonormal sets 1, ..., %, and ¢1,. .., ¢, maximize the expression

n (2.34), in the sense that

2
vy = sup [(¢1]8L¢1)|
$1,p1with||é [|=[[41 [|=1
2
Up = sSup |<¢n’8Lwn)‘
bn pnwith|on [|=|¢n (=1,

(z)nJ-d)lw'v‘ﬁn—lv wnj-wlw-fwn—l

As a consequence, we can estimate the trace of 84 from below by adding
up the absolute values of the expectation values for any pair of orthonormal
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systems (¢,,) and (¢,). In particular,

N

Noting that the last inner products coincide precisely with the summands
n (2.32), which are all non-negative, the result follows. O

Exactly as for the inequality (2.29), the inequality (2.31) is sharp for a simple
domain consisting of one causal diamond (see Lemma 2.2 in the case K = 1).
But it is not sharp general, as can be seen in Example 2.4: The fermionic
signature operators 8 and S are isospectral, so that the left side of (2.31)
coincides. But the length of the longest spatial curve on the right of (2.31)
is different for the simple domains corresponding to 8 and 8. More precisely,
these lengths are given by a + b+ ¢ = a + b+ d/ab respectively d + e + f =
2 + . Analyzing the equations for @ and b for small §, one finds that these
lengths differ by a term ~ /6.

2.7. A reconstruction theorem

As shown in Example 2.4, the spectrum of 8§ in general does not determine
the geometry of (. This raises the question which additional structures
must be given in order to encode the geometry completely. We propose that
in order to describe the space-time geometry, one should not consider § as
an operator on an abstract Hilbert space, but instead as an operator on a
space of spinorial functions on a given Cauchy surface. More precisely, we
use the identification

Ho = L*(N,SM) ~ L*(N,SN) ® L*(N,SN),

where the two direct summands correspond to the left- and right-handed
components of the spinors, respectively (note that the fiber of the intrinsic
spinor bundle SV is isomorphic to C). Knowing 8 on the hypersurface N,
the geometry of the ambient space-time is completely determined:

Theorem 2.14. Let 8 and 8 be the fermionic signature operators corre-
sponding to_two bounded, globally hyperbolic sets A, M C R, Moreover,
let N and N be two Cauchy surfaces in M respectively M of the same length
(with respect to the induced Riemannian metrics). Identifying N and N via
an isometry, and also identifying the corresponding Hilbert spaces via this
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1sometry,
Ho = LA(N, SN) @ L*(N, SN) ~ L*(N, SN) & L*(N, SN) ,

we assume that
§=3§.

Then there is a Poincaré transformation A € RV % SO(1,1) which maps
the space-time regions and the corresponding Cauchy surfaces to each other,
i.e.

A = M and AN =N .

We note for clarity that SO(1,1) are the isometries of R of determinant
one. These transformations include reflections at the origin (which flip both
the spatial orientation and the time orientation), but they do not include
time reversals nor spatial inversions.

To avoid repetitions, the proof will be given in Section 4.4 for general
surfaces.

3. The massive case
3.1. Solution of the Cauchy problem

We now generalize the integral representation (2.15) as well as the group
property (2.17) to the massive case.

Lemma 3.1. A Dirac solution ¢ € H,, can be expressed in terms of the
initial data at t =0 by

b
(3.1) b(t,x) = 2 /0 (s — )10 (0, ) dy

where kny,(t,z) is the distribution

= 0+ >6<t+x>+4i<v ") 8t~ 2)
‘(1

—Z—T:Jo( t2—x)
h(mvE =z

" 7" —art) o

ko (t, x)
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Moreover,
~ b ~ ~
32 a0 =2 [ knlc® ¢t = 0) (- = ()
0

Proof. We recall the general method for constructing the time evolution
operator (for details see for example [20, Section 2| or [19, Section 4.2]).
The unique solvability of the Cauchy problem gives rise to the existence of
advanced and retarded Green’s functions sV and s (see for example [1]). The
causal fundamental solution k,,, is defined as the difference of the advanced
and retarded Green’s functions; more precisely,

(3.3) km = — (S, — Shy) -

Then the Cauchy problem for the Dirac equation with initial data 4 on a
Cauchy surface N with future-directed normal v has the solution (see [20,
Lemma 2.1])

$(C) = 2 /W (G5 C') () o () dpine(C1) -

Choosing A as the Cauchy surface at ¢t = 0, this formula simplifies to (3.1).
(Indeed, to see the correspondence, one should keep in mind that in Minkow-
ski space, the causal Greens function depends only on the difference vec-
tor ¢ — (', so that in (3.1) we can use the notation k,,(¢) = k,,({;0)).

In Minkowski space, the causal fundamental solution is given as the
integral over the mass shell. More precisely,

(3.4) kp(t,x)
1 o
= 22 / (W — kyt 4+ m) §(w? — k2 — m?) e(w) e R qy dk
T R2

(for detail see [19, Section 4.2] or [11, §2.2]). We now compute the Fourier
transform in (3.4). First of all,
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km(t, )
_ 1 5 (77 8; +m) / S(w? — k2 —m?) e(w) e @ gy dke
(271') R2
r e(w)e ™ 1 e i mE
_ 19; + / Wwi-mifc | —ivwi-mPz) g
(27r)2 (1'7 j m) R\ (<] 27#)2 — 3 (6 € ) w

e(w) e—z‘wt

= (27‘(‘)2 (17j8] +m) /R\[ | \/ﬁ COs (\/ w2 —m?2 x) dw

: . % gin(wt
= —# (19705 +m) S:);;(f ?312 cos (\/ w? — m? x) dw .

In the case m = 0, we obtain

9, / el CO

w

ko(t, ) =

By v
1

2/ 7Y cos(wt) cos(wz) + ' sin(wt) sin(wz)) dw
=

(7° cos(wt) cos(wz) + 7' sin(wt) sin(wz)) dw

T i
1
*Z—W<6(t+:}:)+5(t—m)) —Z—W<(5(t+x)—5(t—x)>
= (P8 2) + o (00 =41 8l ),

in agreement with (2.16). In the case m > 0, we obtain additional Lorentz
invariant contributions in timelike directions. In order to compute them, it
is easiest to set x =0 and ¢ > 0. Then the Fourier integral can be carried
out in terms of Bessel functions of the first kind (see [33, §10.2])

i . *° sin(wt)
km(t,2) = — = (i7°0, ——d
AN __m Mmoo
=~ (i7" 0 + m)Jo(mt) ym Jo(mt) e Ji(mt) ,

where in the last step we used [33, eq. (10.6.2)]. Rewriting these contributions
in Lorentz invariant form and using that k,(t,2)* = k,,(—t, —z) gives the
desired formula for k,, (here the star again denotes the adjoint with respect
to the inner product <.|.>-,). This also concludes the proof of (3.1).
Finally, the identity (3.2) follows immediately by using the group prop-
erty of the time evolution operator (similar as explained before (2.17)). O
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The result of the previous lemma gives a pointwise estimate for the

solution of the Cauchy problem.

Lemma 3.2. Let ¢ be a solution of the Dirac equation (1.5) with m > 0
with initial values ¥(0,.) € CY((0,b),C?). Then 1 satisfies for all (t,x) € D

the pointwise bound

[Wr(t,x)| < [WrR(0,.)|co + 2 vVmt [1(0,.)|co .

Proof. We first estimate the Bessel functions in Lemma 3.1 by

1

|Jo(z)] < m

This gives

[Yrr(t2)] < [Wyr(0,.)|co

o @) <

xr
(1+a2)7

m2t

W(O, Do ¢ m
T /_t ((1 +m2(t2 — 22))3 i

Carrying out the integral gives the result.

(1+m (e = a?)

3.2. Regularity of the image of 8

3
4

)dx.

g

We now work out estimates which give information on the regularity of the
functions in the image of 8. We again consider the Dirac equation (D —
m)y = 0 in a bounded, globally hyperbolic space-time .4 C D C RY!, with
the Cauchy surface N = {0} x (0,b) (see the right of Figure 2). Moreover,
we let 1, ¢ € H,, N C°(D) be smooth solutions of the Dirac equation inside
the causal diamond D. We introduce the wave function

(3.5) 0= (D+m)y%.

The calculation

(D—m)0=(D*-m?)7°y =—(O+m?)~"%
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shows that 6 is again a solution of the Dirac equation. Hence
(0186) = [ <(D+m)5%| o~ du

= /M (9= "¢ | o= + <7°¢ | (D + m) ¢ dp) dps

_ o 0
(3.6) _ ( /6 . /a M) < |1 duo
(3.7) L om / < |10 dy,
M

where in the last step we applied the Gauss divergence theorem and used
the Dirac equation. Here 0#+ are the future and past boundaries of ./,
and v is the future-directed normal.

If the boundaries O+ of Al are space-like, this estimate implies that 8
maps to the Holder continuous functions:

Proposition 3.3. Assume that the future and past boundaries of M are
space-like. Then there is a constant ¢ = c¢(OM+) such that for all Y € Hy, N
(D),

(3.8) 18 (D + m)y°y|| < 2(c+mb)[|v] .

Moreover, the operator 8 maps to the weakly differentiable and Holder con-
tinuous functions,

S+ Hpy — WHAN,C?) > Ch3(N,C?) .
The operator § : H,,, — H,, is compact.

Proof. First, the integral (3.7) can be estimated with the help of Fubini’s
theorem and the Schwarz inequality by

/J% |<eb [ 706 dyx < 2B 1] 6]

Moreover, since Ol are space-like curves, we can estimate the integrand
in (3.6) in terms of the probability density,

<0 [ °pd=] < c(OMs) \/<tb | piom <0 | Y-

Estimating the resulting line integrals with the help of the Schwarz inequal-
ity, we obtain (3.8).
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Using that 1 solves the Dirac equation, we can use the anti-commutation
relations to obtain

(3.9) (D+m)y’¢ =(D+m)7" ¢ —1°(D—m)y
= [D.7%]¢ + 2m7°¢ = 2iy'7%0,1) 4+ 2m~°¢ = 2Hp

where H is the Dirac Hamiltonian
(3.10) H = —ir"'o, + my°.

Using this identity together with the fact that & is symmetric, we can
rewrite (3.8) in the “dual form”

|HSG|| < (c+mb)[|¢]  forall ¢ eI,y

This shows that 8§ maps to the W!2-functions. We now apply Morrey’s
embedding into the Holder continuous functions (see [9, Theorem 5.7.6]).
The compactness of 8 follows from the Arzela-Ascoli theorem. O

We point out that the above proposition only applies if the bound-
aries O+ are space-like. This assumption is crucial in view of the examples
of simple domains (see Lemma 2.2), in which case the eigenfunctions were
characteristic functions, which are clearly not Hélder continuous. We now
prove a weaker statement without assuming that the curves 0.4 are space-
like. Thinking of the characteristic functions in simple domains, one is led
to considering the total variation. In fact, we now show that the vectors
in the image of § always have bounded variation. As usual, we denote the
total variation by TV, and denote the functions of finite total variation
by BV([0, ], C?) (for basic definitions see for example [10]).

Proposition 3.4. The fermionic signature operator maps H,, to BV([0, b],
C?) and
TVi,5(8¢) < clol ,

where the constant ¢ depends only on m and b. The operator 8 : H,, — H,,
18 compact.

We begin with a preparatory lemma.

Lemma 3.5. For any smooth solutions ¢, ¢ € H,, and 0 according to (3.5),
the following estimate holds:

(3.11) |(0189)| < 8Vb (1 +Vmb) 6] [¢]co -
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Proof. We want to estimate (0|8¢) in terms of the Hilbert norm ||¢| and
the sup-norm [¢)|co. To this end, we estimate (3.7) by

(3.12) /M |<v [0 dp < 26 |9 [|g]] < 262 [¢|co @]l -

In (3.6) we first apply the Schwarz inequality,

[ <0126 duoa < o) (/ <70¢|¢70¢>duam>2
o o

We would like to relate the last line integral to a corresponding integral on
the Cauchy surface ¢t = 0. To this end, we first note that the line integral can
be recovered as the boundary integral when applying the Gauss divergence
theorem to the vector field <y | 777°¢>~. However, this vector field is not
divergence-free, because

9= [ 177 = = 2Re=~"y | 177 0,0
= 4Re=<7" |1°7 0,0 — 2Re<7" [ 1470, ¢
= 4Re=<t) |20ip= = 20, <) | b .

Hence
b
/ <y [ Py 0 dpga — / <1 [7°9~(0, z) da
_ / 20,<1 | 106> da dt
AN {t>0}
b b
= 2/ <¢]70¢>(T(ac),x) dx — 2/ <] ’ygw>(0,x) dz |
0 0

where we parametrized 0 as the graph {(T(x),z) |z € [0,b]}. We con-
clude that

b
|12 o =2 | <0 1500 (o)) do— 2wl
Applying the pointwise estimate of Lemma 3.2, we obtain

/M <2 197" dpso.a <2 (L 23mb) o
+



Lorentzian spectral geometry 791

We conclude that

L;t\«wr¢v¢>\mMM¢szv%<1+\ﬂnwuwuwkm.

The integral over O _ can be treated similarly. Combining these estimates
with (3.12) gives the result. O

Proof of Proposition 3.4. Using (3.9), we can write (3.11) as

[(H186)| < 4vb (1 + Vmb) 6] []co -

Thus for every ¢ € H,,, we have a bounded linear functional on C([0, b]).
The Riesz representation theorem (see [38, Chapter 2] or [37, Theorem S.5]
for a proof in one dimension) yields that there is a bounded regular signed
Borel measure such that

b
(3.13) <mww:£wmmm
and

1((0,8]) < 4V (1+ Vimb) 9]

Choosing ¢ € C3°((0,b)) with compact support, we conclude that func-
tion 8¢ is weakly differentiable, and

(3.14) (HS8¢)dxr = du as a measure .

Moreover, choosing a function 1 with ¢(0) # 0, the vanishing of the bound-
ary terms when integrating by parts in (3.13). Combining these facts, we can
compute 8¢ by integration. Namely, writing (3.14) with the help of (3.10)
in the form

(0 — im~') 8¢ = —in'y" dp,

we obtain the explicit solution
x
(8¢)(z) = elmvlm/ e (- ivlyo) du(T) .
0
Differentiating the last equation, we obtain the estimate

|(80)'(2)] < m ™ [u|((0,0)) + dlul(2)

showing that the total variation of the function 8¢ is bounded by a con-
stant ¢ = ¢(m, b).
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0 b

Figure 7: A triangular domain.

Finally, the compactness of 8 follows from Helly’s selection theorem (see
for example [32, Section VIIL.4]). O

3.3. Asymptotics of the small eigenvalues

The analysis of the regularity of the image of the fermionic signature op-
erator (see Propositions 3.3 and 3.4) showed in particular that 8 is a com-
pact operator. Thus it has a pure point spectrum and finite-dimensional
eigenspaces, and the eigenvalues can accumulate only at the origin. In par-
ticular, we can count the eigenvalues of 8 with multiplicities by A1, Ao, ...
and order them such that

(3.15) A1] > Ao > --- .
We begin with an example where § has infinite rank.

Example 3.6. (A triangular domain) We let ./ C R'! be the triangu-
lar domain shown in Figure 7 and for simplicity the massless Dirac equation.
Then the eigenvalues of the fermionic signature operator (ordered according
to (3.15)) satisfy for n > 5 the inequalities

Proof. On Hy we choose the orthonormal basis of the solution space (cf. (2.2))

n 1 1 2mi (e n 1 0 2mi g0
wL(tﬂ)_m(O)eb (@+t) | wR(tyﬂf)_m(l)eb (@=1)
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where n € Z. Then for any n,n’ # 0,

’ 1 27 271 ’

47rb du/ dve
2mi 2mi 10 b 671,71’
(316) 871'Tn /0 e v (1—6 b ) du = —8?

where we again chose the light-cone coordinates (2.19). The matrix elements
with n =0 or n’ = 0 are a bit more complicated, and we do not compute
them here. Instead, we only analyze 8§ on the orthogonal complement of
the two-dimensional subspace AN := span(¢%,4%). Denoting the orthogonal
projection on Nt by 7, a short computation using (3.16) shows that the
operator

n

8 1 1
%7@87@ has the eigenvalues +1, :ti, :tg, e

each of multiplicity two.

We now estimate the eigenvalues of 8§ from above and below using the
min-max principle. Since the spectrum is symmetric (see Proposition 2.7),
we know that

3.17 Aory1| = [Aoes2| = inf sup Y|8Y),
( ) ’ + ’ | + | JCﬂ{o,dIHIJ 74 WLJ, ||¢|| 1 ( | )

giving the upper bound

inf S
= sesto amymt gon S0, (YY)
b 2
f S < _— .
= kews B ke SO0 WML STIY) S o g
Similar, we can estimate (3.17) from below to obtain
inf sip (UISY)
—Jc 9{0 dim J=¢ WL, LN, |[v]=1
b 2
= inf s S > —
JC,/\/’J- dim J=¢ lelﬁg” 1 (w‘ﬂ-l TU_Q/}) 82 4+

This concludes the proof. ]
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This example shows that in general we cannot expect a decay of |\,
for large n faster than ~ 1/n. Indeed, in the next theorem we prove this
1/n-decay:

Theorem 3.7. Representing the boundary of OM as a graph,
oM+ = {(T+(z),z) : z €[0,b]},

we introduce the dimensionless constant ¢ by

(3.18) c=(1+mb) (1 +4 Z TV[O,b] T:/I:) .
+
Then
b
Il <2
n

Before coming to the proof, we remark that it is not clear whether the
dependence of the constant ¢ in (3.18) on the total variation of 77, is only
a technical assumption for our proof, or whether this assumption is needed
for the theorem to hold.

We again work in light-cone coordinates u and v. As in (1.4), we denote
the two components of the spinors by indices L and R. Then the Dirac
equation can be written as

(3.19) iOr =T Yr,  iar =3 UL

This allows us to rewrite the spatial derivatives (which we denote by a prime)
as

m m
(3.20) Y, = Outbr + 5 YR, Yr = —0r — 5 (T
Moreover, the space-time inner product becomes

<Plp> = /M<zp|¢> dt dx = /J% (Vror + YroL) dtdz.

Combining these relations, we can compute the inner product of the spatial
derivatives of two Dirac solutions:
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Lemma 3.8. Let ¢, ¢ € H,, be smooth solutions of the Dirac equation.
Then
321)  <U¢> = [ (B on-+ 0 or) duxa dido

R2

m

(3.22) + 5 | (Vér—Brdh — 0 61 +Vr o) dtda
M

(where Oy X 4 denotes the distributional derivative of the characteristic func-
tion).

Proof. We first rewrite the spatial derivatives using (3.20) in terms of deriva-
tives with respect to u and v,

</|¢'> = — / (OutiL Do + B0 Dudr) dt du

M
- % (0vor Or — YR OydR + OutrL ¢1 — Y1, Ougr) dt d
m2 - _— N
I (V1 ¢r + ¥R ¢1) dt du .
M

In the first integral, we integrate both derivatives by parts. Whenever the
derivatives hit the wave functions, we apply the Dirac equation (3.19). Com-
bining all the resulting terms, we obtain

<U\'> = [ (i 6+ U 01) O dtda

~ 2 | (Ot 61— VR Ot + OuTr b1 — U1, 0ur) di da
m? ’ S —
5 (VL ¢r + R oL) dt dz .
M

Expressing the remaining derivatives of the wave functions with the help
of (3.20) as spatial derivatives, we obtain the result. O

Next, we need to estimate the terms (3.21) and (3.22). In (3.22) we can
use Fubini and the Schwarz inequality,

|(3:24)] < mb (W] 18]l + [l 1¢']]) -

The analysis of the boundary terms (3.21) is more subtle. We only analyze
the boundary terms on 04, because the past boundary can be analyzed
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similarly. It is again useful to write O+ as a graph of a function T'(x)
over [0,b]. We first consider the case that T is smooth; the non-smooth
situation will be obtained below by approximation. The fact that O is
non-timelike implies that |7”(z)| < 1. Then

Oua = 7 (0F — 02) O(T(x) ~ 1)

= 19 (T@) 1) (1~ T'(@)?) -

_ —% 8(T(x) — 1) (1 - T'(2)?) —

J

—

T(z) —t) T"(x)

=

§(T(x) —t) T"(x).

A~ =

Using this relation in (3.21), in the term involving 0;6(7'(z) —t) we may
integrate by parts. We thus obtain

[, @i 6+ 01) Ot d

1/t - .
— _4/0 T"(x) (Y1 ¢r + ¥R L) lier(z) d
1 L - P
+ / (1—T"(2)*) 0 (VL dr + YR OL) li=7(z) d -
0

Using the Dirac equation (3.19), we can rewrite the time derivatives in terms
of spatial derivatives,

[ @i 6+ 00) O dtd

1 [P _ -
(3.23) = —4/0 T"(x) (Y1 ¢r + VR OL) lier(z) d

(324)  +7 /Ob(1—T’(x)2)(%w—m%—%«mm%)\ dz.

t=T(z)

In the integral (3.23) we estimate the wave functions pointwise with the help
of Lemma 3.2,

1(3.23)] < (14 2Vmb)? [15(0, )| o |$(0, )| co TV oy T"
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In order to get an idea for how to estimate (3.24), we first rewrite the scalar
product as an integral over 0.4 with integration measure dzx,

(WYly) = — /waij 9;0(T(z) —t) dt dx
= [ =vl0" = T'@) 7o 6T @) — ) d o
b
= [ <016 = T @)1l da

b
:/ (C+T@) el + (1= T'@)wrP)| _ de.
0

t=T(z)

Writing the factor (1 —77(z)?) in (3.24) as (1 — T")(1 +T"), we can always
group the factors 1 + 7" and 1 — T” together with the components L respec-
tively R. Applying the Schwarz inequality, we obtain

1

324)[ < 7 (I'[Igll + Il 1¢']]) -

W~ |

In the above estimates we made use of the fact that T is twice differen-
tiable. However, the estimates can be extended by approximation to the
situation when T is differentiable almost everywhere and 7" has bounded
total variation.

Combining all the terms gives the following estimate:

Lemma 3.9. Suppose that the future and past boundaries M+ are parame-
trized by functions Ty € C°((0,b)). Then

1
|<y'|¢'>| < 5 (L+mb) ([ [[loll + 11 ll¢'ll)
+ (14 2Vmb)? [(0,.) o [¢(0, o Y TV T -
+
Proof of Theorem 8.7. We apply the min-max principle in the form

| A2nt1| = inf |7y 8mpe]l,
I H

dim I=dim J=n
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where ||.|| denotes the sup-norm. In fact, the infimum is attained if I and J
are invariant subspaces of § which together span the spectral subspace cor-
responding to the eigenvalues A1, ..., Ao,. We choose an orthonormal ba-
sis (ex,s)kez,se{+} of Hm formed of plane-wave solutions,

1
ekd:(t,l') = \/mw

(ﬂwo . k,y1 + m)xezpiwtﬂ% ,

where w(k) := /k2/b2 +m?2, and x is the fixed spinor x = (1,4)/v/2. We
choose I and J as the (4k + 2)-dimensional subspace

Hewy = span(e_ki, cees %,i) .

Then

Askrs| < lImac Smoea = sup  [(wISy)],
pesck yl=1

and applying Lemma 3.9 gives

(3.25)  |Ashgs| < sup ((1 +mb) [|0]|
bests, =1

+ (1+2vVmb)* 16]20 Y~ TVioy T;_L> :
+
where 0 is a primitive of 0,

xr
0(x) = / ¥(0,y)dy .
0
In order to estimate #, we expand 1 in the basis (¢x +) and integrate,

1/}(15,.%') = Z Cys 6575(15,1')

[|>k, s

1 b [ ke
O(x) = Z czjsm(iw'yo—kryl—km)x%(ek —1).

[¢|>E, s
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As a consequence,

2 2b2 b2 2
07 = 3 Jexal? 35 < 25 10

[l|>k, s
lcos| b b 5\’ 1)
Oleo < AT > el > &
[¢|>E, s E [|>k, s [|>E, s ¢

\fuwu( 1)2@%1%

Using this inequality in (3.25), we conclude that

[]>k, s

b 14+ 2vVm
| Agkt5] < T ((1 + mb) + (+2vmb) Z TV Ti)

Simplifying the constant with the Schwarz inequality gives the result.

3.4. Representation of 8§ as an integral operator

799

g

We now generalize methods and results of Sections 2.2 and 2.4 to the massive

case.

Proposition 3.10. The statements of Proposition 2.5 and Corollary 2.6

also hold in the massive case.

Proof. According to Lemma 3.1, the solution of the Cauchy problem can be

written as

Wit z) = (z;8§+t> /K  — o) (0, do’

with a bounded kernel K,

|K(t,z)|<c  forall t,xzeR.
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Using this representation in (1.9), multiplying out and estimating each term
gives

| <t|¢>|
< /M (1Yr(0,z = )| |¢L(0, 2 +t)[| + [|1r (0,2 + 1) || [|¢r(0, v — t)||) dt dx

L

+</0 Hwo,x)ndz)/M<||¢R<o,x—t>||+\|¢L<o,x+t>\>dtdx
L

+c( / \w(o,m)udx) [ om0, = 0l + s 0.0+ ) dr o

reuta ([ " 160,2)] ) (| b 0.’ )

Now the first integral can be estimated as in the proof of Proposition 2.5
by the integral over the whole causal diamond. We conclude that there is a
constant C' (which depends only on m and the geometry of /) such that
for all ¢, ¢ € H,,,

<vio| <o ([ b wo.0la) ( [ b fon)lar').

Now we can proceed exactly as in the proof of Proposition 2.5 and Corol-
lary 2.6. O

Using the solution of the Cauchy problem in Lemma 3.1, we can imme-
diately generalize Lemma 2.9:

Lemma 3.11. The fermionic signature operator can be written as an inte-
gral operator

b
(S1)(z) = /0 S(z, y)ly) dy

with the distributional kernel
S8(z,y) = 27r/ b (—t, 2 — 2) kpm(t, 2 —y) /% dt dz .
M

By iterating this integral representation, one can form composite expres-
sions in the fermionic signature operator, just as explained in Section 2.9.
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In particular, the formula (2.24) generalizes to

(3.26) tr(8%) = / G- / d*Caq
M M
% T (ko (G = G2) -+ o (Goa-1. = G2a) i (Ga = 1) )
3.5. Symmetry of the spectrum

The symmetry argument of Proposition 2.7 no longer applies in the massive
case, because if 1 solves the Dirac equation for mass m, then I'ty is a solution
corresponding to the mass —m. But we now given another transformation
of the spinors involving complex conjugation which again shows that the
spectrum of § is symmetric.

Proposition 3.12. The spectrum of S is symmetric with respect to the
origin.

Proof. We introduce the anti-linear mapping
(3.27) A =T,

where the bar denotes complex conjugation and I' is again the matrix
in (2.12). Suppose that ¢ € 3, is a solution of the Dirac equation (1.5)
Using that the Dirac matrices (1.6) have real entries, we obtain

(D—m) I =T(-D-m)yp =T(D—m)y =0,

showing that A : H,, — H,, maps solutions to solutions. Moreover, using (1.7),
(1.9) and (2.1), one readily verifies that A preserves the norm but flips the
sign of the space-time inner product,

(3.28) (AYlAg) = (oY),  <AY|AP> = —<olY>.

Using the orthogonality of the eigenspaces, the eigenvalue equation 8¢ =
A can be written in the equivalent form

(@ 18¢) =A(lp)  and  (¢|8¢)=0 Vo Ly.

By definition of the fermionic signature operator (1.11), this can be written
equivalently as

(3.29) <Yl> = X (Y[y) and <PlYy>=0 Vo L.
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Suppose that ¢ € H,, is an eigenvector corresponding to the eigenvalue \.
Then (3.29) holds. The relations (3.28) imply that

<AY |AYp> = =X (Ay | Ap) and <p|AY>=0 V¢ L AY.
Hence 8AY = —AAY, completing the proof. O

In the physics literature, the analog of the transformation (3.27) in four
space-time dimensions is referred to as charge conjugation (see for exam-
ple [6, Section 5.2] or [35, Section 3.6]). The interesting point is that the
symmetry under charge conjugations is broken if external potentials (like
an electromagnetic potential) are present. In this case, the spectrum of the
fermionic signature operator will in general no longer be symmetric. The
deviation from charge conjugation symmetry could be detected for example
by computing traces of odd powers of 8.

3.6. Computation of tr(8?)

In order to see the effect of the mass on the traces, we now compute the
trace of 82.

Proposition 3.13. The Hilbert-Schmidt norm of the fermionic signature
operator is given by

tr(8?) =

4772 ts2 //mw J3+J2) (my/(C=0N2) ©((¢—¢')?) d>¢d> .

For small m, we have the expansion

M [ elc-eryacac
m J%XJ%
(3.31) ras //M (€= CPO(C =) ECEC + 0

(3.30) tr(8?) =

For large m, we have the asymptotics

(3.32) 4W3//MXM = C’,)2) 2§d24’+0<$>.
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Proof. We again work in light-cone coordinates (u,v). Then the causal fun-
damental solution of Lemma 3.1 can be written as

km(u,v) = ﬁ (fy“ d(u) ++Y 5(1})) — % Jo(my/wv) e(u + v) O(uv)
J1 (m uv)

- 8% (o™ + uy") — T e(u+v) O(uv) .
Now the result follows from (3.26) by a straightforward computation using
asymptotic expansion of the Bessel functions. O

Compared to the formula of Proposition 2.10, the dependence on the
mass parameter m gives additional geometric information: The term ~ m?
in (3.30) has the same structure as the formula (2.27) for tr(8*) in the
massless case. The term ~ m?, on the other hand, involves an additional
weight factor (¢ — ¢’)2. The formula for large m in (3.32) again has a similar
structure, but with yet another weight factor 1/1/(¢ — ¢’)%. For brevity, we
do not work out the geometric meaning of these different integrals.

4. Lorentzian surfaces in the massless case
4.1. Conformal embedding into Minkowski space

Let (A,g) be a two-dimensional time-oriented Lorentzian manifold. The
manifold is globally hyperbolic if it does not contain closed causal curves
and if the causal diamonds D((, (") (see (1.13)) are compact for all space-
time points ¢, (" € A (for details see [4]). It is proven in [3] that any globally
hyperbolic space-time admits a smooth foliation (.A}):cr by spacelike Cauchy
hypersurfaces, defined as follows.

Definition 4.1. A subset of a time-oriented Lorentzian manifold (L, g)
is called Cauchy surface if it is intersected exactly once by every C°-
inextendible future causal curve in /.

It is a well-known fact that any two-dimensional Lorentzian manifold is
locally conformally flat, in the sense that any point of A4 has a neighborhood
which is conformal to an open subset of Minkowski space. It is less well-
known that a globally hyperbolic Lorentzian manifolds admits even a global
conformal embedding to Minkowski space:

Proposition 4.2. Let (A, g) be a globally hyperbolic two-dimensional man-
ifold with a non-compact Cauchy surface N. Then there is a conformal
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map ® : (M, g) — RYL whose image is open, relatively compact and causally
convex (meaning that no future-directed causal curve can leave and reen-
ter ®(AM)), and such that N is mapped to {0} x (0,1).

Proof. Since N is non-compact, it is diffeomorphic to R. We introduce a
new metric A on A obtained by the conformal change

h:eQ’ug

with w € C*°(u). A direct computation shows that the scalar curvatures
of g and h are related by

20gw + 54 = ey,
This shows that the equation s, = 0 is equivalent to the linear normally
hyperbolic equation

(41) 2Ag’w—|—$g = 0
We impose the initial conditions
(4.2) w(0,7) = wo(r),  V,w(0,7) = wi(r)

(where r € R parametrizes N, and v is again the future-directed normal
vector field on .A). The resulting Cauchy problem (4.1), (4.2) is globally
well-posed (see for example [1, 28, 40]).

We next choose the initial conditions wg and wi such that A becomes a
h-pregeodesic of length one (a pregeodesic is a geodesic up to reparametriza-
tions): Specializing the general formulas in [5, Theorem 1.159], the condition
for being a pregeodesic is

0
0=Vh (e7"v) = Vi (e7"v) + 6_"8—uu + e "v(u)oy ,

which is equivalent to the equation
Vou=-Vjv=-H,

where HY is mean curvature. This equation can be satisfied by suitably
choosing wy. We still have the freedom to choose wqg arbitrarily. We use this
freedom to give N length one.

Solving the above Cauchy problem, we obtain a flat metric in which J is
totally geodesic. The proof is completed by applying Lemma 4.3 below. [J
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Lemma 4.3. Let (M, h) be a two-dimensional, flat Lorentzian manifold
which contains a totally geodesic Cauchy surface of length one. Then (M, h)
is isometric to an open neighborhood of {0} x (0,1) in RHL.

We point out that in the Riemannian case, this proposition does not hold,
as there are examples of flat contractible two-dimensional manifolds which
do not admit an isometric embedding into R?: Take any periodic immersed
curve ¢ : S' — R” self-intersecting exactly once at p € S, like for example
the Lemniscate of Bernoulli. As it is immersed, it has a normal neighbor-
hood N such that ¢ extends to a local diffeomorphism C : S! x R*™1 — .
We pull back the Euclidean metric to a flat metric G on S* x R*~! and re-
strict it to the open subset A := (S!\ {g}) x R"*! where g € S* \ {p}. Then
the usual rigidity arguments ensure that any other isometric immersion of
(N, G) into Euclidean R™ coincides with C' up to rigid motions and thus is
not an embedding.

Proof of Proposition 4.3. Parametrizing the Cauchy surface by arc length,
we obtain a h-geodesic ¢ : (0,1) — A with N = ¢((0,1)).

Let us show that, for T+A := {v € T,/ |n € N,v L TN}, the normal
exponential map E := exp” |7y on N is injective: Consider any two time-
like geodesics c¢1, co starting at different points x1,zs € N, in the direction
of the normal v. These geodesics cannot intersect at a point p as that
would be in contradiction to the Ambrose-Singer theorem (see [5, Theo-
rem 10.58]). Namely, assume conversely that these geodesics intersect at a
point p. Let A be the geodesic triangle with vertices 1, x2 and p. Since N is
totally geodesic, its normal vector field v is parallel along .N. Moreover, since
the two geodesics ¢; and ¢y must intersect transversely, the parallel trans-
port of v along these geodesics gives two different vectors at p. Hence the
corresponding holonomy of along the triangle A is non-zero. On the other
hand, the triangle A clearly is contractible. But since (A, g) is flat, the
Ambrose-Singer theorem implies that the the Lie algebra of the connected
Lie group Holy(A , g) is trivial and thus Holg (A, g) = {1}. This implies that
the holonomy along any contractible curve in J( is the identity. This is a
contradiction.

We next show that F is also surjective: For a point p € JV(N) in the
future of N, we let dp, : M — [0,00) be the distance function from p (set to
zero for spatially separated points). In globally hyperbolic space-times, this
distance function is continuous (see [34, Lemma 14.21]). Moreover, the global
hyperbolicity of 4 implies that the set R, := J"(p) NN is compact. Hence
the restriction of d, to A" attains a maximum in R, at a point ¢. Again due
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to global hyperbolicity, there is a geodesic curve v joining ¢ and p. The first
variational formula implies that v is perpendicular to A at ¢. Consequently,
p has to be in the image of the normal exponential map.

We conclude that we have global Fermi coordinates in (/, h) in which
the metric takes the form

h = dt* — b(t,z) dz?* .

A short computation of the curvature tensor shows that b must not depend
on t. Since b(0, z) = 1 (parametrization of ¢ by arc length), we find that b = 1
on . We conclude that the metric in Fermi coordinates simply is the
Minkowski metric.

The above argument can be applied just as well to the past of A. Com-
bining the results for the past and future of N, we find that F gives an
isometric diffeomorphism from an open subset €2 of R? endowed with the
Minkowski metric to (4, h). It remains to show that  is a globally hyper-
bolic subset of RM! with Cauchy surface {0} x (0,1). But this follows im-
mediately from the fact that ® := E~!: (M, h) — Q C RYY maps Cauchy
surfaces isometrically to Cauchy surfaces. ]

4.2. Conformal transformation of the fermionic
signature operator

We again let (M, g) be a time-oriented, globally hyperbolic Lorentzian sur-
face with a given Cauchy surface A. According to Proposition 4.2, we can
identify .# with an open subset of Minkowski space R, endowed with the
conformal metric

(4.3) g=f(t,x)* (dt* — da?) , fec>ud).

Moreover, this proposition allows us to arrange that the Cauchy surface N
is the set {0} x (0, 1).

From now on, we denote all quantities referring to the metric g for clarity
with a tilde, whereas the quantities without a tilde refer to the flat Minkowski
metric. We consider the massless Dirac equation

DY =0.
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This equation as well as its solutions can be described most conveniently
using the conformal invariance of the massless Dirac equation (see for ex-
ample [26, 27]), which implies that

(4.4) D=f3Df:, P=f329,

where D is again the Dirac operator in Minkowski space (1.5), and ¢ is a
solution of the form (2.2). The scalar product on the solutions becomes

(B18) = /ﬂ < DI s dpu(2)

1 1

— [ <01 6l0w) £(0.0) da = [ <uy® -0 do
0 0

showing that the scalar product on the solutions is conformally invariant.

We again denote the corresponding Hilbert space of solutions by (Ho, (.|.)).

The space-time inner product (1.9), however, does involve the conformal

factor, because

<zﬁ\¢3>—/m<¢!q3> dp
—/ <1/~1]<5> f(t,ulf)2 dtd:c—/ <Y|p= f(t,x) dt dx .
M M

As a consequence, the fermionic signature operator has a non-trivial depen-
dence on the conformal factor.

Before we can define the fermionic signature operator again by (1.11),
we need to make sure that the space-time inner product is bounded (1.10).
To this end, we assume that (/(,g) has finite lifetime in the sense that
it admits a foliation (N)ie(,,) by Cauchy surfaces with a bounded time
function ¢ such that the function (v, d;) is bounded on # (where v denotes
the future-directed normal on N; and (v, ;) = g(v, d)). Then (1.10) holds
for a suitable constant ¢ (see [20, Proposition 3.5]). Thus (1.11) defines 8 as
a bounded symmetric operator on the Hilbert space Hj.

In the next lemma we again represent the fermionic signature operator
as an integral operator.

Lemma 4.4. The fermionic signature operator can be written as an integral
operator

~ 1 ~
(4.5) (80)(x) = /0 S(. ) $(y) £(0,4) dy
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with the distributional kernel

(4.6)  S(z,y) =27 f(0,2)77 £(0,)"=
/ftz (—t,x — 2) k(t,z —y)7° dtdz,

where k is the causal fundamental solution of Minkowski space (2.16).

Proof. In view of the transformation of the Dirac operator in (4.4), the
advanced Green’s functlon 50 (defined by the equation DSO = 1) transforms
conformally as 5§ = f~ B EN f 2. Writing this operator with an integral kernel
and keeping in mind the transformation of the volume forms, one finds

53((7 ¢ = f(C)_é 3\/(@‘7 ¢ f(C/)_%

The retarded Green’s function transforms in the same way. Thus, introduc-
ing the causal fundamental solution & similar to (3.3), we obtain

HGC) = 5 (87— 8) (G0 = FOH RGO I

Iy

The solution formula for the Cauchy problem (2.15) and (3.1) generalizes
to (see [20, Lemma 2.1])

B(0) = /N R(6, ) W) DAC) dpin(C)

1 1 ~ 1
— £ /0 E(C — (0,2)) 10 (0, 2) £(0, )% da

Modifying the proof of Lemma 2.9 in an obvious manner, one obtains the
integral representation (4.5) with

S(z,y) = 2 / R((0,2),€) K(C, (0.9)) #((0.)) du(Q)
—or f(0.2) / &) Q)™ k(¢ — (0.9)) 10 £(0.9)"F F(O)?dC.

This concludes the proof. Il

We now compute the kernel more explicitly by transforming to light-
cone coordinates (2.19) and using the form the distribution % in (2.23). We
extend the function f by zero to all of Rl and denote this function for

clarity by x.« f-
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Lemma 4.5. The integral kernel (4.6) can be written as

1

(17) 8(e,) = 1o F0.)7 f(0.9)"

X{VWV@mfNW@wD+7%”&mfﬂf@wﬂ}f,

W=

where i are the upper and lower points of the corresponding causal diamond
defined by
, Ty x+y _ T—y T+y
4. + = ( ) = <_ ) ) .
( 8) v (x7 y) 2 ) 2 ) ? (x7 y) 2 2

Proof. Transforming to light-cone coordinates and using (2.23), the ker-
nel (4.6) can be written as

S(z,y) =7 f(0,2)7 f(0,)7

x/ f(u+v7u—v> k(x —u,—x —v) k(u—y,v+1y) 7" dudv,
PRI

where k(u,v) is given by (2.16). Using the explicit form of this distribution,
we can carry out the v and v-integrations to obtain

8(x,y)

- g5 02 g0 [ (55

x(ywvax—uyxv+yy+fwuﬂ—w—v%ﬂu—yﬁvomuw

=L 0,07 0

167
v T—y z+y v y—r y+ux
x 97"y waX : )+77“Wme , ) 7.
2 2 2 2
This gives the result. O

4.3. Computation of tr(8?) and tr(8%): volume and curvature

Having derived explicit formulas for the integral kernel 8, the spectral prop-
erties of the fermionic signature operator can be analyzed similarly as de-
scribed in Sections 2.3-2.6 for subsets of Minkowski space. Some results
(like Proposition 2.13) generalize immediately, whereas for other results (like
Proposition 2.12) the generalization is less obvious. For brevity, we shall not
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reconsider all the results for the Minkowski drum. Instead, we restrict at-
tention to generalizing Propositions 2.10 and 2.11 to curved surfaces. The
main point of interest is that the resulting formula for tr(8*) involves scalar
curvature (see Proposition 4.8 below).

In preparation, we show that the statement of Corollary 2.6 still holds,
provided that the space-time volume is finite.

Lemma 4.6. Let (A, g) be a globally hyperbolic Lorentzian surface of finite
lifetime. If the total g-volume p(AM) is finite, then the fermionic signature

operator is Hilbert-Schmidt. Moreover, the traces of even powers of 8%, q €
N, are given by the integrals

1
@9 u(®) = [ ) dor
0
1
S X / f(0,z9q) dwog Tr (8(z1,22) - - - 8(wag, 1)) -
0
Proof. Following the method in the proof of Corollary 2.6, the Hilbert-
Schmidt property as well as the formula (4.9) in case ¢ = 1 follows imme-

diately once we know that the kernel of the fermionic signature operator is
square integrable in the sense that

1 1
(4.10) /0 /0 18z, 9) 12 £(0,2) dz £(0,) dy < oo

Estimating (4.7), we obtain

NIE

I8zl < 7o F(0,2)7 £(0.9)"

< (v ) @) + v (7 (@29))

18,92 < oy F(0,2)7" £(0,)"

(16m)
< (v N @0 + e D @)
and thus

1 r1
[ [ 180 5.2 a0 50,5
1 rl
< (16277)2/0 /0 ((XJ% HE (2,9 + (o f)(i_($,y)2)) drdy .
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Using (4.8), one can rewrite the integrals as a space-time integral to obtain

[ [ sl so.ma sona < g /ftz -

where in the last step we used that du = f? dx dy. This shows (4.10) and
concludes the proof in the case ¢ = 1.

In order to treat the case ¢ > 1, by iterating (4.5) and using Fubini’s
theorem, one obtains an integral representation of 8¢ with a kernel which is
again square integrable. Again arguing as in the proof of Corollary 2.6, we
obtain the result. O

Proposition 4.7. Let (M, g) be a globally hyperbolic Lorentzian surface of
finite lifetime and finite volume. Then

i (s7) = 440

472

Proof. Evaluating (4.9) for the kernel (4.6) and (4.7), in generalization
of (2.24) and (2.26) we obtain

ai) @)= [ ferda [ @) do
x T (o (€1 = 2) -+ b (€201 — €24) Fim (620 — &1))

— o | S [ s e[ 1@ [ @i,

X 5(U1 — ﬂl) (5(171 — UQ) s (S(Uq — ’l]q) 5(’L~)q — Ul) s
where in the last line we set (j = ;-1 (having the light-cone coordinates

(uj,v)) and n; = &2; (having the light-cone coordinates (@, 9;)). In partic-
ular,

_2/ (¢1) dzCl/ f(n O(ur — 1) 6(01 — v1)

1 0. _ )
4/ Vi = 472

giving the result. 0
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Proposition 4.8. Let (AL, g) be a globally hyperbolic Lorentzian surface of
finite lifetime and finite volume. Then

w1 1 :
(Y = g [ (O [ e i/ » R ) duc').

where D((, (") is the causal diamond (1.13), and R denotes scalar curvature.

Proof. We evaluate (4.11) in the case ¢ = 2. For two causally separated
points ¢ and (', we again let D(¢, (") be the causal diamond whose upper
and lower corners are ¢ and ¢’. The left and right corners of this causal
diamond are denoted by 1 and 7/, respectively (similar as in the left of
Figure 5). Then

w8 =g [ f@a [ s i [ f@de [ @

X (5(U1 — ﬂl) 5(171 — 1}2) 5(UQ — ﬂg) 5(172 — Ul)

(412) = [ / ¢ 1(0) fn) F(C) £
M J(¢)

~ 8t

The interesting point is that this not the same as the coordinate invariant
quantity

1
8

1
d d 1 — d2 d2 / 2 /\2
[0 [ aner=gg [ e [ e e,

because the factors f appear in a different combination. In order to express
this difference geometrically, we first note that scalar curvature is given by

2

1
e P

R=2K =~

Olog(f?) = —= Olog f

(see for example [8, page 237|, where [J denotes the wave operator in Minkow-
ski space). Integrating this formula for scalar curvature over the causal dia-
mond, introducing light-cone coordinates and integrating by parts, we obtain

/ Rd,u:—2/ Dlogfdtda::—4/ Ouv log f du dv
D(¢,¢") D(¢.¢") D(¢.¢')

= —4(log f(¢) +1log f(¢") —log f(n) —log f(1)) -
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Hence

/ N — 2 N2 ox 1
FO S0 1) 101 = 5P AP o (5 [ ).

Using this relation in (4.12) concludes the proof. O

4.4. A reconstruction theorem

The goal of this section is to prove Theorem 2.14 as well as its generaliza-
tion to curved surfaces. Thus we again let (A, g) be a time-oriented, globally
hyperbolic Lorentzian surface of finite lifetime together with a Cauchy sur-
face . Just as described at the beginning of Section 4.2, we can consider
as a subset of RM! with the conformally flat metric (4.3). Moreover, we can
arrange that & = {0} x (0,1). For an open subset I C (0,1) and a chiral
index ¢ € {L, R} we introduce

Te, ] = Xe XI5

where 7 is the characteristic function, and x. are the projections on the
left- or right-handed components,

(4.13) xm{ég, m=@$)

We consider 7.1 : Ho — Hp as a multiplication operator on the wave func-
tions ¢ on the Cauchy surface . Obviously, Te,I is a projection operator
on Hy.

Next, for an open subset I C (0, 1) we introduce the sets K,(I), Kr(I) C
At c RY! obtained by propagating I with velocity one to the left respectively
right,

Ki(I)={(t,zx)e M |z+tel}, Kr(I)={(t,z)e M|z —tel}.
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Lemma 4.9. Assume that for two open subsets I,.J C (0,1), the following

integral exists,
/ f2d* < .
Ko (I)NKgr(J)

Then the operator product w1 Smg ; is Hilbert-Schmidt, and its Hilbert-
Schmidt norm is given by

1
S ; :/ e
7L 8wl s 872 KL(I)mKR(J)f ‘

Proof. We first compute the kernel of the operator 77 ;87 s. Combin-
ing (4.13) and (2.20) with (1.6), one sees that

Y'Y =4xr and "Y' =4dxr.

Using Lemma 4.5, we obtain

(14) oSGy Ty = - f0.0)7 f(0,y)7
x x1(@) xs(y) Oca f) (@ (2,9)) x27°
(15)  lrn S y) mralP = 155 F0.0)7 f(0,9)

x xr(z) xs(y) ((XJ% f>(i+($’y)))2'

Using the Fourier series method in the proof of Corollary 2.6, one concludes
that the operator my ;87g s is Hilbert-Schmidt if and only if the func-
tion (4.15) is integrable with respect to the measure f(0,x)dz f(0,y) dy. In
this case, the Hilbert-Schmidt norm satisfies the equality

1 pl
HWL,ISWR,JH?{S = 1617TQ/O /0 xr(w) xs(y) <(XJ% f)(i+(a:,y)))2dxdy.

It remains to interpret the integrand geometrically with the help of the
definition of ™ in (4.8). First of all, due to the factor y 4, it suffices to
consider the case that it € 4. Then the condition = € I means that the
space-time point it (z,y) must lie in K (7). Similarly, the condition y € J
means that i~ (z,y) € Kg(J). Finally, denoting the components of i (z,y)
by (t,z) and transforming the integration measure according to dx dy =
2 dt dx, the result follows. O

The result of this lemma has a simple geometric interpretation which
does not rely on our embeddings. In order to make this point clear, we now
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consider (M, g) as an abstract oriented, time-oriented, globally hyperbolic
manifold of finite lifetime with a given non-compact Cauchy surface AN. We
identify the Hilbert space of solutions with the initial values on the Cauchy
surface, i.e.

Fo = L2(N, SAM) ~ LA(N,SN) & LE(N, SN

where the two direct summands describe the left- and right-handed compo-
nents of the spinors, respectively. Let I and J be open subsets of A. Then
the multiplication operators xr,; and x g s are defined on Hy in an obvious
way. Moreover, the sets K,(I) can be defined as all points of # which can
be reached from [ by a lightlike geodesic propagating to the left. Similarly,
Kgr(J) C A is the set of all points which can be reached from J by a light-
like geodesic propagating to the right. Moreover, the integrand f2 d?( is the
same as the volume measure du corresponding to the metric g. We thus
obtain the following result.

Proposition 4.10. Assume that for two open subsets I,J C N, the set
Kp(I)N Kgr(J) has finite volume. Then the operator product wp 18 TR j is
Hilbert-Schmidt, and its Hilbert-Schmidt norm is given by

1
s 8 Thalls = 53 #(KD) N Kr()) -

This lemma is very useful because if § is given as an operator on the
Hilbert space of sections of the spinor bundle on a Cauchy surface, then
the volume of the sets K1, (/) N Kgr(J) can be recovered for any open sub-
sets I,J C N. In particular, by choosing the sets I and J as small neigh-
borhoods of points z,y € N, one may find out whether the null geodesics
through z and y meet at a space-time point i (x,y). If they do, one can
even determine the volume form at this space-time point. For subsets of
Minkowski space, we thus obtain the statement of Theorem 2.14.

We finally formulate the reconstruction theorem for general surfaces.
For the sake of conceptual clarity, we formulate this result in the language
of categories. Let X be a locally compact Hausdorff space. By Cy(X) we
denote the continuous functions on X which vanish at infinity in the sense
that for every ¢ > 0 there is a compact subset K C X such that |f(z)| < ¢ for
all z € X \ K. Then the celebrated Gelfand-Naimark theorem states that X
can be reconstructed (modulo homeomorphisms) from the single datum of
the C* algebra Cy(X). More specifically, for a commutative C*-algebra A
with the property ||a?|| = ||a||?, the spectrum of A is defined as the set
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s(A) of all non-zero *-homomorphisms from A to C with the topology of
pointwise convergence. Then the Gelfand-Naimark theorem states that A
and Cy(s(A)) (the latter equipped with the sup-metric) are x-isometric by
evaluation. Thus Cj o s is the identity on the family of C* algebras, modulo
x-isomorphisms. Moreover, applying s once again, one finds that s o Cj is
the identity on the family of locally compact Hausdorff topological spaces,
modulo homeomorphisms.

Various attempts to extend this approach such as to include geometrical
data in the reconstruction have received much attention in the past decades
(see for example [25] or [7]). In the same spirit, we define G as the category
of all tuples (A, N), where A is an oriented globally hyperbolic surface
of finite life-time with a spatially non-compact Cauchy surface N, and the
morphisms given by pair isometries. Next, let H be the category of isomor-
phism classes of triples (A, H @ H,8) where H is a Hilbert space, A is a
C*-algebra of bounded linear operators on H, and § is a bounded linear op-
erator on H @ H. We now construct a functor from G to H. Given (A ,.N),
the fibers S, N of the spinor bundle SA are isomorphic to C. Moreover, the
bundle SA is canonically isomorphic to the restriction of SA to N and pro-
jecting to the left- or right-handed component. We choose H = L?(.N, SN).
Moreover, we choose A as Cy(N) acting by multiplication on H. Noting
that Ho = L2(N, SAM) ~ H @ H, we let 8 be the fermionic signature oper-
ator on H @ H. This gives rise to the functor

S’N :G—H.
Theorem 4.11. The functor 8|y is injective.

Proof. First of all, assume that two elements (M1, N1) and (M2, No) of G
are mapped by 8|y to one and the same element (A, H @ H,8) of H. We
need to show that there is a pair isometry between (A1, N1) and (M2, N3).
First, the Gelfand-Naimark theorem tells us that A is homeomorphic to A}
and N9, giving rise to a homeomorphism h : Ny — Ns. Taking the pull-back
of h, we obtain an isomorphism ¢ between the corresponding spaces of L>-
sections H; and Hy. Applying Proposition 4.10 and choosing I = J as small
neighborhoods of a point x € N1 ~ N9, we see that h is actually an isom-
etry (in particular, a diffecomorphism). Next, we identify ., and My via
identification of the corresponding sets K, (/) N Kg(J). Since this identi-
fication obviously preserves the conformal structure, the resulting metrics
coincide up to a conformal factor. Applying Proposition 4.10 once again,
we conclude that the volume of the sets K7 (I) N Kr(J) coincides, proving
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that the conformal factor is equal to one. We thus obtain an extension of
the above isometry N; — N5 to an isometry 1 — Al5. This concludes the
proof. O
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